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This thesis describes a comprehensive model of the 
superluminescent diode. Many new features have been included in the 
model. They include: an approximate one-dimensional formulation
which, however, still yields the lateral far-intensity ’angular’ 
distribution; a detailed representation of the wavelength dependency 
of the local gain and spontaneous emission distributions derived from 
the basic semiconductor band structure; the inclusion of polarisation 
dependent confinement factors, reflectivities and seperate 
spontaneous emission coupling factors for each polarised mode. 
Consequently this model is capable of reproducing the light/current 
characteristics, spectral distributions, lateral far-intensity 
distributions and polarisation properties of SLDs. A comparison 
between theoretical and experimental results is given for all the 
above mentioned features. Of particular interest is the very wide 
range of wavelengths and current densities over which the
theoretical and experimental spectral distributions agree. Results 
also suggest that the change in the degree of polarisation with 
current is dominated by the difference in the TE and TM confinement
factors. A further conclusion is that the fraction of spontaneous
emission coupling into the TE mode is significantly larger than that 
coupling into the TM mode. This result has some practical 
implications when applied to active waveguides and laser amplifiers 
where methods of reducing spontaneous emission, a severe source of 
noise in such devices, are being sought. Methods of increasing the 
ouput power of the SLD are also examined. Theoretical results show 
the wavelength dependence of gain saturation in the SLD. This is 
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The main purpose of this chapter is to provide an 
introduction to, and an overview of, the contents of this thesis. A 
description of the Superluminescent Diode, SLD, is given in section 
(1.2), together with the main reasons for choosing it as a topic for 
investigation. The close similarity between the SLD and the laser 
diode is highlighted because many of the technological advances made
during the years of laser research have been applied directly to the
*
SLD. The origin of the SLD also has close links with the development
of the laser diode, so much so that the historical review, presented
in section(1.3), would not be complete without a survey of laser 
diode research and it’s part in the realisation of the optical 
communication systems that are in use today. The main objectives of 
this thesis are listed in section!1.4). The chapter ends with a 
survey of the contents of the thesis in section!1.5).
1.2 Superluminescent diodes.
The superluminescent diode, (SLD), belongs to a family of 
devices known as edge emitting LEDs (Light Emitting Diodes). An edge 
emitting diode can be defined as an LED in which the useful light is
emitted in the plane of the junction and is collected from a cleaved
edge. An illustration of a typical double heterostructure edge
1.1
emitting diode is illustrated in fig(1.1a), [1]. The double
heterostructure confines carriers and light in the same way as it 
does for a laser diode, so that the far-intensity ’angular* 
distribution perpendicular to the plane of the junction is 
essentially the same for the edge emitting diode as it is for the 
laser. The far-intensity ’angular distribution in the plane of the 
junction is more complicated being dependent not only on the stripe 
dimensions, length and width, but also on the optical gain within the 
active region.
The fact that the inversion population in the double 
heterostructure material can possess significant optical gain means 
that lasing is a distinct possibility. Lasing is suppressed in the 
edge emitting diode shown in fig(l.la) by including an unpumped, 
highly absorbing, region at the rear of the device thus destroying 
the optical feedback loop necessary for lasing action. It is worth 
mentioning, however, that if the drive current is large enough the 
absorbing region can be optically pumped to transparency and lasing 
does occur, but generally, with self sustained oscillations as seen 
in tandem laser structures, [2]. Structures such as the edge emitting 
diode and tandem lasers that possess both an active and passive 
region can show bistability and have therefore been investigated 
extensively, [2,3,4]. There are other methods of supressing lasing 
action, reducing the reflectivity of one, or both, facets of a 
laser diode with antireflection coatings, [5,6], fig(1.1b), or 
positioning the stripe contact at an angle to the facets of a laser 
diode, [7], fig(l.lc). Neither of these methods is quite so effective 
for making edge emitting diodes as using an unpumped region to 
surpress lasing. The technology for making antireflection coatings 














Fig(1.1) Schematic diagram of various SLD structures using 
different methods of suppressing optical feedback;
a) highly absorbing region positioned at one end of 
the stripe contact; b) anti-reflection coatings on 
one or more facets; c) stripe contact positioned at 
an angle to the facets.
R 0.01*, to obtain significant output power from edge emitting 
diodes, made in this way, is only just becoming available, [8]. 
Angled stripe contact devices display lobes in their far-intensity 
’angular’ distributions making coupling to optical fibres difficult 
and inefficient, [7].
Edge emitting diodes can be subdivided into two groups;
1) restricted edge emitting diodes which are optimised for low 
current use with self absorption setting the optimum device length;
2) superluminescent diodes, SLDs, which are optimised for high 
current use and have significant optical gain along their length. It 
is this second category of device which provides the basis for this 
thesis.
1.21 Applications of Superluminescent diodes.
The SLD has characteristics that lie midway between that of 
the laser diode and the LED. Among the advantages of the SLD are less 
coherence and less susceptibility to thermal effects than the laser 
diode. It can also launch more power into an optical fibre, has a 
larger modulation bandwidth and a narrower spectral width than the 
surface emitting LED. These favourable properties make the SLD 
especially attractive for high speed communication systems operating 
over short distances. The SLDs short coherence length and its ability 
to deliver a significant ammount of power into a fibre make it an 
extremely useful device for reducing Rayleigh backscattering, a 
severe source of noise, in optical fibre gyroscopes. The relatively 
unpolarised nature of the SLDs light is also an advantage for 
reducing the polarisation noise in fibre gyroscopes. These properties 
are also likely to make the SLD useful in other fibre sensors where 
extremely low noise is required.
1.3
The SLD is not only a useful device in it’s own right but 
it is also an extremely useful research tool in the field of 
integrated optics. The fact that the SLD is basically an active 
optical waveguide with an ’output port’ allows information about the 
spontaneous emission, which can be regarded as noise in such systems, 
to be gathered. When the SLD ha3 an anti-reflection coating applied 
to its output facet, and is highly pumped it provides information 
about the amplified spontaneous emission (noise) that is observed in 
single pass optical amplifiers. In fact the SLD model developed 
during this project has, with a few modifications and the addition of 
the field representation for the signal(s), been converted into a 
model for optical amplifiers, [9],
1.3 Historical Survey.
The light sources used in the optical fibre communication 
systems that are superseding the copper cable networks have a long 
history, brought about by some notable discoveries. It was as long 
ago as 1960 that the first laser was sucessfully operated by Maiman, 
[10]. Maiman's laser, a three level ruby laser, was quickly followed 
by the four level laser of Sorokin and Stevenson, [11], and by the 
first gas laser of Javan et al, [12], During this period the p-n 
junction semiconductor laser was independently proposed by three 
groups, Nishizawa and Watanabe, [13], Basov et al, [14], and Agrain 
[15], However, a quantitative understanding of the requirements for 
lasing to occur in a semiconductor was not available until 1961 when 
Bernard and Durafforg, [16], stated the necessary condition for 
stimulated emission in a semiconductor. Following this Dumke, [17], 
showed that laser action was indeed possible in direct bandgap 
semiconductors. He used available absorption data to show that
1.4
interband transitions in direct bandgap semiconductors such as 
Gallium Arsenide could produce the stimulated emission necessary for 
laser action. In 1962 three groups, Hall et al, [18], Nathan et al, 
[19], and Quist et al, [20], announced almost simultaneously the 
sucsessful operation of a semiconductor laser. Their lasers were all 
forward biased GaAs p-n junctions operating at cryogenic 
temperatures. Since the time of these initial discoveries many 
different laser materials have been found, operating over a wide 
range of wavelengths in the visible and infrared spectrum.
In the following years the development of semiconductor 
lasers recieved a great deal of attention because of likely 
applications in optical communications. It had been recognised that 
the semiconductor laser's unique ability to modulate it's optical 
output up to gigahertz rates by simply changing the current through 
the device gave it a distinct advantage over other types of lasers. 
However a number of factors hindered its initial use. First and 
foremost the atmospheric attenuation at the emission wavelength meant 
it was only useful over very limited distances. Secondly the 
modulation capacity of the laser was limited by the exceptionally 
large threshold currents at room temperature and the necessity of 
operating the device under very low duty cycle pulsed conditions. 
Finally the reliability of these early lasers was very eratic with 
useful lifetimes ranging from minutes to perhaps a few hundred hours 
at best.
The practical realization of optical communications was 
made possible by two breakthroughs which occured independently. 
Firstly, the advent of the GaAs/AlAs heterojunction in 1969, [21],
which led to an order of magnitude reduction in the lasers threshold 
currents. This was sufficient to permit continuous wave operation at
1.5
room temperatures and also allowed the lasers to be modulated at 
rates in excess of one gigahertz, [22]. Secondly, and perhaps more 
importantly was the production of low loss optical fibres in 1970, 
[23]. These fibres had attenuations of about 20dB/km in the spectral 
emission region of the GaAs laser.
Prior to these discoveries the reliability problem which
plagued early semicoductor lasers had recieved a great deal of
attention, resulting in the identification of two major failure
mechanisms. These were facet damage, which was shown to be related to
the optical flux density, [24], and internal defect formation, which
was found to be dependent on the initial defects present in the
device and also on the operating current density, [25]. Facet
coatings, [26], such as A1203 have alleviated the problems of facet
damage considerably. Gradual degradation was not so easily combatted
and has only been reduced by exercising extreme care and attention to
the growth of epitaxial material and the fabrication of the diodes,
in order to prevent process induced defects and built in strains in
the structure. These efforts have led to GaAS laser diodes with mean
6
time to failure values estimated to be in excess of 10 hours at room 
temperature.
Laser diodes have by no means cornered the whole market as 
the light source for optical fibre communications. Competition comes 
from the light emitting diode, LED, which at first glance may appear 
less attractive than the laser due to its relatively wide spectra, 
one or two orders of magnitude larger than the laser diode, and much 
lower coupling efficiency into low numerical apperture fibres. The 
LED does however have some advantages over the laser, namely, better 
linearity in the light/current curves, less sensitivity to gradual 
degradation, and the output power is less subject to temperature
1.6
variations. Hence LEDs do tend to be preferred to laser diodes for 
systems with modest bandwidth requirements and shorter fibre link 
distances. There are two basic types of LEDs in use, the surface 
emitter, [27], and the edge emitter, [7]. Both the LED and the laser 
share a common technology and the progress made in improving laser 
reliability has also had a favourable impact on the lifetime of LEDs.
There is also another competitor to laser diodes in optical 
communication systems, the superluminescent diode (SLD). The SLD has 
a very similar structure to the laser diode except that its optical 
feedback is removed preventing laser action. Kurbatov, [6], 
inadvertantly produced the first SLD in an attempt to increase the 
available output from a laser diode before facet damage produced 
catastrophic failure. His idea was to reduce the concentration of 
emission at a point on the facet by positioning the stripe contact at 
an angle to the facets thus eliminating optical feedback. This 
investigation was undertaken using homostructure diodes at liquid 
nitrogen temperatures and bares little resemblence to the double 
heterostructure SLD proposed by Lee et al in 1973, [1]. Lee's SLD has 
a very similar structure to the stripe contact laser diode the only 
difference being that the stripe contact terminates well before the 
rear facet. This provides an unpumped region which absorbs the 
optical radiation and surpresses the feedback necessary for laser 
action. The properties of the SLD lie midway between those of the 
laser and the LED. Boeck and Amann, [28], demonstrated that the small 
signal modulation capacity of SLDs could be extended up to 1GHz 
before cutoff. LEDs typically operate at much lower bandwidths than 
this, being limited by a reduction in output power associated with 
high modulation rates, [29]. This, together with a significantly 
narrower spectral width and a smaller beamwidth than the LED make the
1.7
SLD a useful component in optical fibre systems. The interest 
generated by the SLD has lead to a number of computer models to be 
developed, [30,31,32].
The advances made in manufacturing low loss optical fibres 
have introduced the need to extend the technology of optical sources 
to longer wavelengths where the attenuation is lowest. The technique 
of modified chemical vapour deposition has been used to produce 
silica based glass fibres with losses as low as 0.47dB/km at 1.3p, 
[33], and 0.2dB/km at 1.55p, [34]. This has resulted in the
production of good quality lasers and SLDs constructed from the 
quaternary material, InGaAsP , grown on InP substrates.
1.4 Object of this thesis.
The main object of this thesis is to investigate the 
properties of the superluminescent diode. This is achieved by:-
1) Measuring the light/current characteristics, spectral 
distribution, far-intensity ’angular' pattern and polarisation 
effects of a number of SLDs.
2} Developing a compehensive theoretical model of the SLD.
3} Comparing the experimental and theoretical results.
4) Using the theoretical model to achieve an understanding of the 
internal workings of the SLD and to suggest ways to improve it’s 
output characteristics.
1.5 Outline of this thesis.
To predict the spectral properties of an SLD it is 
necessary to have an accurate representation of the stimulated and 
spontaneous emission distributions with both wavelength and carrier 
density. The stimulated and spontaneous emission distributions are
\
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derived from the basic semiconductor bandstructure in chapter 2. The 
analysis begins by considering transitions between a single energy 
level in each of the conduction and valence bands. This is then 
extended to the semiconductor bandstructure as a whole by 
incorporating all of the energy levels in the form of the electron 
density of states. The difference between the stimulated and 
spontaneous emission properties of undoped and heavily doped 
semiconductors is discussed in detail. Particular attention is given 
to the 'bandtails' that occur in the density of states functions and 
the different k-selection rules displayed in the transition 
probability. The 'gain model' used to obtain the spontaneous and 
stimulated emission curves used in the SLD model is described and a 
number of results presented and discussed.
The propogation of the optical fields in the active layer 
of the double heterostructure are described in chapter 3. In the 
direction perpendicular to the plane of the junction the optical 
fields spread significantly into the surrounding layers. This means 
that only part of the optical field can interact with the injected 
carriers that are almost totally confined to the active layer. It is 
therefore of particular importance to calculate the fraction of the 
optical fields remaining in the active region; this fraction is 
referred to as the confinement factor. The SLD emits partially 
polarised light so that it is necessary to calculate both the TE and 
TM confinement factors. This is done by treating the double 
heterostructure as a symmetrical dielectric slab waveguide. A 
general discussion is also given of the waveguiding in the lateral 
direction. This is more complicated since two mechanisms, an 
antiguiding effect and a guiding effect, due to the optical gain, 
both produced by the injected carrier profile, compete with each
1.9
other to result in net guiding.
The SLD model, [35], is formulated in chapter 4 in such a 
way that it yields results for the light/current characteristics, 
spectral distribution, far-intensity angular distribution and 
polarisation characteristics. The equations that provide the basis of 
this model are obtained by enforcing the physical requirements of 
photon and charge conservation within the active layer of the double 
heterostructure. The model assumes a waveguide modal intensity 
pattern in the direction perpendicular to the plane of the junction 
and scalar plane wave (ray optics) propogation in the plane of the 
junction. The photon conservation equations are solved subject to the 
boundary conditions provided by the reflectivities at each end of the 
device. The procedure is highly non-linear because the photon density 
depends on the optical gain it experiences along the length of the 
device which in turn depends on the photon density.
A description of the experimental techniques used to 
measure the SLD’s light/current characteristics, spectral 
distribution and far-intensity angular distribution is given in 
chapter 5. Measurements on several SLDs made from two seperate 
semiconductor wafers. A comparison is made with the computed results 
obtained from the theoretical model of the SLD described in chapter 
4.
The theoretical model of the SLD is used to describe, and 
explain, the SLD’s output characteristics in chapter 6. This is done 
by tracing the growth and decay of the forward and reverse travelling 
photon fluxes along the length of the device. In discussing the SLDs 
spectral characteristics the wavelength dependence of gain saturation 
recieves special attention. A number of methods for increasing the 
SLDs output power are investigated.
1.10
The polarisation characteristics of the SLD are 
investigated in chapter 7. The techniques used for measuring the 
polarisation dependent light/current characteristics and their 
spectral dependence are described in detail. A comparison is made 
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CHAPTER 2
LIGHT EMISSION PROCESSES IN SLDS AND LASERS
2.1 Introduction
In developing a model of an active waveguide such as the 
SLD it is essential to incorporate the local gain (stimulated 
emission) and spontaneous emission as functions of wavelength and 
inversion population if any useful spectral information is to be 
obtained. It has become common practice amongst laser researchers to 
represent the stimulated and spontaneous emission distributions by 
using Laurentian or parabolic distributions, [1-4], which can be 
written in simple analytic forms that lend themselves easily to 
computer modelling. These analytic forms however are only accurate 
over a small region near their peaks and they require an expression 
to take into account the movement of the peak with inversion 
population. This is adequate for a laser because it has a very narrow 
spectral line-width and its inversion population is very nearly 
constant with length and varies only slightly with current above 
threshold. An SLD however has a much broader spectrum and the 
inversion population varies considerably with both length and 
current making these analytic approximations quite inaccurate. It is 
therefore necessary to use more realistic stimulated and spontaneous 
emission distributions such as those that can be derived from the 
basic semiconductor band structure. Much work has been undertaken in 
this area, primarily by Stern, [5-9], although other models have 
been developed, [10,11].
In this chapter the approach used by Stern, which is well
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documented in the books by Thompson, [12], and Casey and Panish, 
[13], is followed. The analysis begins in section (2.2) by 
considering transitions between a single energy level in each of the 
conduction and valence bands, thus reducing the problem to a simple 
two energy level system. This allows the relationships between 
absorption, stimulated emission and spontaneous emission to be 
expressed in terms of the Einstein coefficients. The transition 
probability is then discussed in section (2.3) paying particular 
attention to ’k-selection’. In section(2.4) the analysis is extended 
to the semiconductor bandstructure as a whole by incorporating all of 
the energy levels in the form of the electron density of states. In 
section (2.5) the bandtails that occur in the electron density of 
states when semiconductors are highly doped are considered. Finally, 
a description of the model used to produce the stimulated and 
spontaneous emission distributions used througout this project is 
given in section (2.6). The model is developed in such a way that the 
magnitude and spectral shape can be altered by changing two 
parameters, the bimolecular recombination coefficient and the Kane 
bandtailing parameter. The effect of altering these parameters is 
described in detail. No comparison is made with other models because 
this model is developed with the sole purpose of being flexible 
enough to use for reproducing the spectral characteristics of SLDs 
rather than to further the already existing theory of light emission 
processes. Some concluding remarks are made in section (2.7).
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2.2 Transitions in a two energy level system.
2.21 The Einstein relations.
Instead of the two sharp energy levels that an atomic 
system posesses the available electron states in semiconductors are 
represented by a continuous band of states within the valence and 
conduction bands. For the purpose of deriving the Einstein 
cofficients consider a transition from a state E x within the valence 
band to a state E2 within the conduction band, fig(2.1), resulting 
from the absorbtion of a photon of energy Ej-Ej - E21. The rate of 
this process depends on several factors;
1} the probability that the transition can occur, B12;
2) the probability that the state Ex contains an electron, fx;
3} the probability that the state E2 is empty, (l-f2);
4) the density of photons of energy E21, P{E21).
The upward transition rate (r12) corresponding to absorption may then 
be written as
r12 - B12fx(l - f2JP(E21) (2.1)
where the occupation probability of E l is given by the Fermi-Dirac 
distribution for indistinguishable, identical particles with half- 
integral spin that obey the Pauli exclusion principle. Hence
fx - {exp[(E1 - FJ/kT] ♦ l)”1 (2.2)
where Fx is the quasi-Fermi level for the valence band at non­
equilibrium, k is the Boltzman constant and T is the temperature. 
Similarly, for the conduction band,
f2 - (exp[(E2 - P2)/kT] + I)-1 (2.3)





Fig(2.1) Transition of an electron from a state E1 in the valence band 
to a state E2 in the conduction band by the absorption of a 
photon of energy E21. The quasi-fermi levels for the valence 
and conduction bands are represented by Fx and F2 respectively.
In addition to being absorbed, photons can stimulate the 
emission of a similar photon by the transition of an electron from 
the state E2 to Ex. The downward transition rate for stimulated 
emission is
r2i - - fi>p(E2i> (2-4>
where B21 is the transition probability, f2 is the probability that 
the state E2 is occupied and (1—f x) the probability that the state 
is empty.
Electrons in the state E2 can also spontaneously return to 
the state Ex without any interaction with a photon. The probability 
for this process is represented by A21 and the spontaneous emission 
rate is given by
r21(spon) - A21f2(l - fx) (2.5)
In thermal equilibrium the upward transition rate must 
equal the total downward transition rate,i.e
r i 2 “ r 21 + r 2l(S P ° n ) <2 *6 )
and - F2. On substituting equations (2.1), (2.4), and (2.5) into
equation (2.6) one obtains
- fi>
P21(E) -   (2.7)
Bx.fxU - f2) - - f2|
and this may be equated with the thermal photon density of energy E21 
which is given in [12] as
P/El - <8rc/<hcMn2nE2 _ 2(E)
exp(E/kT) - 1 exp(E/kT) - 1
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where h is Plank’s constant, c is the velocity of light in free
A
'space, n is the refractive index and n is a group refractive index that
takes account of dispersion. It then follows that
Z2l(E > A21
-------------- - -----------------  (2.9)
exp(E21/kT) - 1 B12 exp(E21/kT) - B21
which may be rewritten as
Z{E21)(B12exp(E21/kT) - B2l) - A2lexp(E21/kT) - A21 (2.10}
and can then be seperated into it’s temperature dependent and 
temperature independent terms. Equating the temperature dependent 
terms gives
Z(E21)B12exp(E21/kT) « A21exp(E21/kT) (2.11)
i.e,
A „  - ZIEj j IB,, (2.12)
and equating the temperature independent terms gives
A21 - Z(E21)B21 (2.13)
Therefore it follows that B21 - B12. Equations (2.12) and (2.13) are 
the Einstein relations and show that the spontaneous emission 
probability is related to the absorbtion and the stimulated emission 
probabilities.
2.22 Necessary condition for stimulated emission.
It is instructive to consider what conditions are necessary 
for the stimulated emission to be in excess of the absorbtion. There 
is in fact only one necessary condition and this was first expressed - 
by Bernhard and Duraffourg [14]. It requires that a photon is more
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lively to cause a downward transition of an electron from the 
conduction band to the valence band with the emission of a photon 
than the upward transition from the valence band to the conduction 
band with the absorbtion of a photon. In other words this implies 
that r21 > r12; i.e,
B 2ir 2i1 ~ fi)-P(E21} > Bl2fx(l -f2}P(E21) (2.14)
and as B21 - B12 this reduces to
f2(l - fx) > fx(l -f2) (2.15)
On substitution of equations (2.2) and (2.3) into equation (2.15) the 
simple condition
F2 - Fi > E2 - Et (2.16)
is obtained. Therefore the condition for net positive stimulated 
emission is that the seperation of the quasi-Fermi levels must exceed 
the photon emission energy.
2.23 The net stimulated emission rate and it*s relation to the 
spontaneous emission rate.
A frequently used quantity is the net stimulated emission
rate, r21<stim), which is defined as the difference between the
downward transition rate, (r21)# and the upward transition rate,
(r12). Using equations (2.1) and (2.4) and the fact that B21 ■ B12
r21(stim) may be expressed as
r21(stim) - P(E21)B21(f2 - fx) (2.17)
The spontaneous emission rate can be obtained from 
equations (2.5) and (2.13) and may be written as
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r2l(spon) - Z(E21)B21f2(l - fx) {2.18}
The form of equations (2.17) and (2.18) are very similar and it is 
convenient to introduce two new terms
so that the net stimulated emission and spontaneous emission rates 
become
a direct relationship between the stimulated and spontaneous emission 
rates when they are combined together with equations {2.2} and (2.3), 
i.e.
altenative way of expressing the Bernard and Duraffourg condition, 
equation (2.16), showing that there is only net positive stimulated 
emission when Fg-Fj^  > E21. Another interesting point arising from 
equation (2.23) occurs when F2-Fx >> E21 and it reduces to
Wstim^E2i^  " Wspon^E21 '^ T^is means that at high pumping levels the 
spontaneous emission rate is equal to the stimulated emission rate 




r2l(stim) - P(E2l)Wst.m(E21> (2.21)
and
r21(spon) - Z(E2l)Wspon(E21) (2.22)
respectively. These expressions for wst m^(E2i) an(* ws on(E2i) producespon
' "spon* ^ " 1 - exP[<E2l - (P2- MJ/k*] (2.23)
Because wSpon^E21  ^ is a^waYs positive equation (2.23) is an
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2.24 The absorbtion coefficient and it's relation to the local gain.
The interaction of photons and electrons in a semiconductor 
may be related to a macroscopic property, the absorption coefficient, 
a. The net absorption rate, r1 2 (abs), is defined as the difference 
between the upward and downward transition rates and from equations 
(2.1) and (2.4) may be written as
rij(abs) - B2 1 (f1 - fs)P(Eal) - - Wstim(E2 1 )P(E41) (2.24)
The net absorption rate is in fact the absorption probability, 
6 2 1 (fi~ ^2 )' multiplied by the photon flux, Q(E21), which is given by
Q(E2i) - P(E2 1 ).vg (2.25)
where vg is the group velocity of light in the dielectric medium, 
Since
v - 6y (2.26)
9 6 k
where k is the propagation constant or wavevector given by k « 2tt/X,
u> « 2TTE/h and 6 k * 2tt. (n + E.6 n/6 E) .6 E it follows that
he
2TT.6E -  c/d______  (2.27)
h 6 k 1 + (E/n)(6 n/6 E)
Taking the dispersive term 1 + (E/n)(6 n/6 E) to be unity allows the 
absorption coefficient to be written as
a(E2l) - -n/c.Wst.JE„) (2.28)
Another commonly used term in semiconductor laser work is the local 
gain, g(E21), which is defined as -a(E21) and is therefore written as
2.8
g(E2l) - n/o.Wst.m|E2l) (2.29)
It is the local gain which when modified by the appropriate 
confinement factor gives the ’modal gain’ commonly referred to in 
semiconductor laser literature.
2.3 The transition probability.
The transition probability, B21, used in equations (2.1) 
and (2.4) for the stimulated and spontaneous emission rates, is the 
basic quantity that determines the transition rates of electrons 
between the conduction and valence bands. Consideration of the 
interaction between electrons in the semiconductor and 
electromagnetic radiation requires the techniques of time dependent 
perturbation theory, [3]. Using this procedure the properties of the 
system are determined in the absence of radiation and then the 
alteration that occurs when radiation is present is calculated. 
Rather than go through the straightforward but rather lengthy 
derivation of the transition probability the well known result known 
as Fermi’s Golden rule, [3], is stated
B2l - ir/2h |< V*{r,t) | H’|V2(r,t)> |2 (2.30)
*
where r is the three dimensional spatial vector; VjCr^t), is the 
complex conjugate of the wave function of the initial state; H ’, is 
the interaction Hamiltonian operator and V2(r,t) is the wave function 
of the final state. The quantity |< ¥*(r,t)| H'|¥2(r,t) >| is commonly 
called the matrix element of the interaction Hamiltonian between the 
initial and final states and is given by
l< * ^ ( t . t ) |  H’ | * , ( r . t )  >| -  /  e l l t . t l H ' J j I r . t i e ’ r (2 .31)
V
where V is the volume* 63r, and on reduction of the Hamiltonian
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operator to the momentum operator, p, in the matrix element the 
transition probability becomes
B21 - q2h •IM|2 (2.32)
2 2 
2m e0n hv
where the momentum matrix element, M, is given by
M - |< V*(r)|p|V2(r) >| - / V*(r)p4'2(r)63r (2.33)
V
Before proceeding it is worth commenting on k-selection. 
The conventional theory for optical transitions between the valence 
and conduction bands of direct energy gap semiconductors is based on 
the so called *k-selection rules*. This expresses the condition that 
the wave vector, k1# of the valence band and the wave vector, k2, of 
the conduction band must differ by the wave vector of the photon, k, 
otherwise the matrix element is zero. That is the matrix element
contains a delta function 6(k2-kx±k). Since p*h.k , 6(k2-kx±k) is
simply an expression for the conservation of momentum of the
transition. It should be noted that because the wavevector of the
photon is very much smaller than that of the electron it is generally 
considered to be negligable so that the k-selection rule becomes
k 1=k2. The allowed transitions are then between initial and final 
states of the same wavevector and are known as direct or vertical 
transitions. Transitions where the wavevectors are not the same must 
involve a phonon so that momentum is conserved. This makes the
transition much less probable and explains the reason why direct
•bandgap semiconductors such as GaAs and InP lase and indirect bandgap
materials such as AlAs and A1P do not.
General solutions of the wave equation show that in a 
periodic potential, such as that arising from the lattice structure,
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the wavefunctions may be represented by Bloch functions. In this case 
the band to band matrix element, ^ 5' obtained by averaging over all 
directions in space, is approximately given by [16]
|Mbb|2 = m j ^  1 ♦ &/Eq (1 - mc/m) (2.34)
3mc 1 + 2/3 A/Eg
where m is the free electron mass, m is the effective mass of anc
electron in the conduction band, E is the bandgap, and A is the
g
spin-orbit splitting. Inserting this into equation (2.32) for the 
transition probability and taking hv - Eg gives
B21 - q2h 1 + A/E (1 - m /m) (2.35)
_______    Q c
6m e.n^ 1 + 2/3 A/E c g
In the following section the transition probability is 
written as a function of the initial and final energy states, 
B(E1,E2). This is due to the fact that when impurities or defects are 
present the wavefunctions and matrix elements are modified somewhat. 
For low impurity concentrations the wavefunction of the lowest bound 
state associated with a shallow impurity level is a superposition of 
wavefunctions of states near the adjacent band edge. The average 
matrix element between this state and a state across the energy gap 
has a magnitude given by the hydrogenic model, [17], as
2 ^^Tra*  2
'"a*1 ' n  , V , * ,  |Mbb' <2-361(1 + atkv) V
a* is the effective Bohr radius and is given by
2
£ma0 eh
a* -   ---— -- , (2.37)
m m , ,qe f f  e f t *
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and kv is the wavevector of a hole state in the valence band, e is 
the dielectric, constant of the material and is the effective 
mass of an electron at the band edge perturbed by the impurity. 
Equation (2.6) may also be written as
jM I2 - |M I *• IM. . | (2.38)1 av* 1 env1 1 bb1 1 '
where the modification to the band to band matrix element is 
considered to be an envelope matrix element, Menv« ^ 9  (2.2) shows 
how the probability of a transition of a carrier in an impurity state 
near the band edge to a free carrier in the opposite band varies with 
the wavevector.
As the doping density is increased the spacing between 
orbitals of the neighbouring atoms decreases and the orbitals of the 
neighbouring bound carriers start to overlap. The potential wells of 
the individual impurities merge together and the carriers can no 
longer be described by simple hydrogenic wavefunctions. At a certain 
impurity concentration the distinction between bound and free 
carriers becomes vague and they broaden and merge with the adjacent 
band edge. The effect of such high impurity concentrations can be 
approximated by a rigid shift of the band edge towards the centre of 
the bandgap with some change in the effective mass, [18], and by a 
tail extending into the forbidden region which arises from the random 
impurity distribution, [19]. States deep in the tail arise from 
interactions with two or more impurity ions in a cluster. They will 
have appreciable matrix elements with states in the opposite band 
over a wider range of energy than does a simple hydrogenic level 
whose matrix element is given by equation (2.36). In this region the 
k-selection rules are relaxed. The further into the band a state is 




Fig(2.2) Probability of a radiative recombination between a carrier
bound to an impurity and a free carrier in the opposite band
as a function of the product of the wave vector kv of the
free carrier and the Bohr radius a of the bound state. The
*
probability is given in terms of an envelope matrix. [12].
states well inside the band k-selection rules will again apply. 
Stern, [7], has made a theoretical analysis of the transition 
probabilities in heavily doped semiconductors using 'ad hoc* 
wavefunctions to represent the semi-localised electronic states. The 
results can be expressed in the same way as for the single bound 
carrier as the product of an envelope matrix element, Menv' with the 
band to band matrix element, M^. The expression for the envelope 
function used by Stern is somewhat over complicated and no further 
reference of it will be made here, the reader being referred to 
[6,7].
2.4 The extension of the two energy level system to the full 
semiconductor band system.
So far the absorption and emission rates considered in this 
chapter represent transitions that occur between discrete pairs of 
energy levels, seperated by energy, E21, within the semiconductor 
band system. This analysis is now extended to include the various 
states that exist in the valence and conduction bands of the 
semiconductor. This is achieved by making the single-electron 
approximation in which each transition is considered as the change of 
state of a single electron. Then the density of single-electron 
states per unit energy describes the continuum of states in the 
conduction and valence bands. The spontaneous and stimulated emission 
rates are then obtained by summing over all possible transitions.
The density of single-electron states per unit energy for 
the conduction band ,pc, iS given by the parabolic expression, [20]
where the energy of the electron, Ec, Is
(2.40)
with respect to the bottom of the conduction band, fig(2.1),and m is
V
the effective mass of the electron in the conduction band. A similar 
expression is obtained for the density of states, pv# in the valence 
band.
mv is the effective mass of the hole in the valence band.
When considering transitions over a large number of states 
in the conduction and valence bands the transition probability is 
dependant on the degree of k-selection involved. Strong k-selection 
limits the number of states that participate in transitions and it is 
necessary to consider the conduction and valence band density of 
states simultaneously. This is achieved by using a reduced density of 
states of the form [12]
Using this expression the upward transition rate, equation (2.1)
P,v
m [2m (-E - E )]1/2m yL y1 g____y1J (2.41)
where the energy of the hole, Ey, is given by
(2.42)
and is measured with respect to the same zero. E is the bandgap and
(2.43)
becomes
r12 “ Bi2fvU  - fc)Pped(E)P(E) (2.44)
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and the downward transition rate,equation {2.4}, becomes
r 2i  “ -  f v )pred(E ,P (E )  ( 2 *45)
The spontaneous transition rate, equation (2.6) can also be rewritten
as
r21{spon} - B2lfc(l - fv)pred(E}Z(E) {2.46}
The transition probability per unit spread of energy in the 
conduction band and for volume, V, can be expressed as 
B{E ,E).p {E ).V. Note that the transition probability, B(E ,E), isw c c c
dependent on the initial and final energy values and normally
_i
includes a V term so that the volume terms cancel.
The net rate of stimulated transitions at photon energy, E,
is obtained by integrating over E the difference between downwardc
and upward transitions and is given by
at
Rstim{E) - P{E) / B{Ec,E)Vp c{Ec )p v(Ec- E}. (2.47)
~ w  _i
.{f - f )(1 + p /p ) 6E 1 C V M v'  c ' c
A similar expression for the spontaneous transition rate can also be 
obtained
(D
Rspon{E) ’ Z{E} / B12{Ec,E}Vpc{Ec)pv{Ec- E}. {2.48}
~® _i
.f (1 - f )(1 ♦ p /p } 6E C1 V '1 v '  c ' c
It is now worth considering what happens to the spontaneous 
and stimulated emission rates when k-selection rules do not apply. 
.Under these conditions it is possible to integrate over the 
conduction and valence bands independently and the spontaneous and 
stimulated emission rates may be written as
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CD
Rspon(E |  " Z ,E |  1 B<Ec ' E l Vpc ,E c ,p v ,E c_ E , f c(1 "  f v ,6Ec , 2 - 49 )
and
09
Rstim<E| ‘ P(E) S B <Ec'E >Vpc|Ee,pv,Ec" E,,fc- fv,6Ec ,2,501
- CD
respectively. The total spontaneous emission is obtained by 
integrating equation (2.49) over the full energy range with respect 
to E,
CD CD
R (total) - / Z(E) / B(E ,E)Vp (E }p (E - E) (2.51)spon 1 ' k * c ' c' c' v' c ' 1 '
.f (1 - f )6E 6E c' v' c
where the integration limits, a and b, are chosen so that the 
integrations terminate within the forbidden band. Changing the 
variable of integration this becomes
-b-a cd
R (total) - / / Z(E - E )B(E ,E )Vp (E )p (E ) (2.52)
spon a> - b  C v c c '  v l v '  ' '
.f (1 - f )6E 6E c' v' c v
which is a particularly useful form as it contains the two composite
terms p (E ).f .dE and p (E )(l-f )dE which represent increments 6n c c c c v v  v v
in electron concentration and 6p in hole concenration respectively. 
Now by making the constant matrix element approximation so that 
B(Ec#Ev) is a constant and assuming that Z(Ec~Ev) is approximately 
constant over the limits of integration then the resulting
integration gives
R (total) - B np (2.53)spon r  r  1 '
where B^ is a constant. This is the well known result for 
bimolecular recombination, hence B^ is commonly referred to as the
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bimolecular recombination rate.
2.5 The concentration dependent density of states.
When the doping concentrations in a semiconductor are high
the density of electronic states in the conduction and valence bands 
are modified and the usual representation of localised impurity 
levels seperated from the band edges cannot be used. Instead the
random distribution of charged impurities in the crystal result in
potential fluctuations which produce tails on the conduction and 
valence band density of states. The effect of such potential
fluctuations was first treated by Kane, [19]. In his analysis the 
carriers are assumed to have sufficiently low kinetic energy to
permit them to follow fluctuations in the potential created by the 
ionised impurities. For Gaussian potential energy fluctuations, whose 
root mean square is designated Vrms» the conduction band density of 
states for an n-type semiconductor takes the form, [19]
n n
This expression has the same form as the parabolic density of states
P . mc<2mcnc>1/-y<Ec/nci (2.55)c 2 3
i/2
with the (E ' ) term in equation (2.39) replaced by c
1/2
n_ •y(Er/n.) where n is given by c c c c
1 /2n -  (2)  ' . v c 1 1 Irms (2.56)
and the Kane function, y, is
(2.57)
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Figl2.3) Variation of the Kane function, y, with x. [19].
1 /2can be seen that p varies as E ' at high energies and that at lowc c
2 2
energies it approaches the Gaussian form exp(-E /n }. The bandc c
tailing parameter, n , gives a convenient measure of the depth of the 
tail. This procedure is, of course, equally applicable to the valence 
band.
per unit volume which are randomly distributed on the lattice sites. 
The root mean square voltage fluctuation, Vpms# that determines nc is 
then given by
where q is the electronic charge, e the permittivity and Lg is the 
screening length given by, [24]
where 6N/6F is the rate of change of the carrier concentration with 
the Fermi energy, F. From equation (2.59) it can be seen that Lg 
depends on the carrier concentration and it therefore also depends on 
the shape of the density of states. Consequently, it follows that a
length of the tail by making no allowance for electron or hole 
tunnelling through potential barriers and not taking a proper account 
of the kinetic energy of localisation. Halperin and Lax,[21] used a 
’minimum counting’ technique which takes account of the kinetic 
energy of localisation thereby producing smaller bandtails. These 
results, however, were numerical and over a limited region within the
In the Kane model the potential fluctuations arise from the 




q . <5n| ' (2.59}
self consistent solution is necessary to determine L and p .s c
The density of states obtained by Kane overestimates the
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tail. Hwang, [22], compared the results of Kane and Halperin and Lax 
producing a model of the density of states by interpolating between 
the Halperin and Lax results and the parabolic band, fig (2.4). 
Stern, [8], uses a similar approach in his model except that he 
approximates the density of states of the Kane form to the Halperin 
and Lax results in the bandtail.
In all of these models the effective mass that is used is 
somewhat questionable because it appears that no theory for bandtails 
has taken into account the detailed structure of the energy states. 
Instead the bands are assumed to be isotropic and parobolic. Stern, 
[7], has, in one of his models attempted to account for the non- 
parabolicity of the conduction band by replacing the effective mass 
at the bottom of the band by a slightly larger value of approximately 
10* or less. The light hole band's effective mass was also increased 
by a similar ammount.
2.6 k-selection, Kane bantail model of spontaneous and simulated 
emission.
There are two main features involved in calculating the 
spontaneous and stimulated recombination rates; the shape of the 
conduction and valence band density of states and the transition 
probability. In pure semiconductors parabolic bands may be assumed 
and the transition probability is governed by the k-selection rules. 
In heavily doped semiconductors the parabolic band structure is 
perturbed and 'tails’ exist in the otherwise parabolic density of 
states. The transition probability is also altered in heavily doped 
semiconductors. There are regions deep within the bandtails where k- 
selection rules do not hold and regions well into the parabolic band 














—  Calculations from Halperin and Lax theory
—  Calculations from Kane theory
—  Parabolic density of states








-0.05 0- 0.1- 0.1-0.050
Energy (eV)
Fig(2.4) Comparison of the density of states in the bandtails of GaAs 
obtained from the Kane model and the Halperin and Lax model.
18 -3 18 — 3
Curves apply for N^ - 6x10 cm and N^ - 3x10 cm at a 
temperature of 300K and with an injection level required to 
give a gain of 100cm *. [22].
materials, is extremely complicated and simifying approximations are 
usually made. These amount to either assuming that k-selection rules 
apply throughout the band or that they do not. Which of these 
approximations one makes does not appear to be too critical, Hwang, 
[22], having shown that the length and shape of the bandtail states 
are the most important factors governing the spontaneous and
stimulated emission distributions, a fact that also shows up in the
work of Goebel, [23]
The model, [24], that is adopted here assumes bandtail 
states in the form used by Kane, [19], and k-selection rules. The 
choice of this combination was made because the active layers of our 
SLDs are only moderately doped so that it seemed appropriate to use 
some characteristics of both the pure and heavily doped semiconductor 
models. The constant matrix approximation is also made so that the 
transition probability becomes independent of the initial and final 
energy states, simplifying the computation considerably. Both the 
light and heavy hole valence bands are accounted for in the model by 
summing over both bands.
The whole process therefore involves solving equations 
(2.47) and ( 2.48} for the spontaneous and stimulated emission rates 
that apply when k-selection rules are assumed together with Kane’s 
form for the density of states, equation (2.55). The constant matrix 
element approximation implies that the transition probability in 
equations (2.47) and (2.48) is a constant and can be removed from the 
integrals. This constant is the bimolecular recombination rate and it 
can be calculated using equations (2.32) and (2.36). However it is 
convenient to keep it as a variable parameter in the model so that
the magnitude of the spontaneous and stimulated emission
distributions can be altered. Likewise, the bandtailing parameter.
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n , in equation (2.55), is also kept as a variable allowing the c
length of the bandtails to be altered providing a certain ammount of 
control over the shape of the spontaneous and stimulated emission 
distributions. A further approximation, which is made purely from the 
point of view of speeding the computation of the SLD model described 
in chapter(4), is to assume that the integral over energy of the 
spontaneous emission distribution gives the form of the bimolecular 
recombination equation, equation!2.53). This is of course not 
strictly valid when k-selection rules are assumed because of the 
reduced density of states term in equation!2.47); however, when the 
integrated value for the spontaneous emission is plotted against the 
product of the electon and hole concentrations, fig!2.5), it can be 
approximated to a straight line to within 10*. The gradient of the 
curve also gives the bimolecular recombination constant, Br< As the 
bimolecular recombination constant is widely quoted in the literature 
and because it is directly proportional to the transition probability 
its value will be quoted rather than that of the transition 
probability when the spontaneous and stimulated emission 
distributions are scaled.
A range of spontaneous emission distributions for various 
bimolecular recombination constants and bandtailing parameters are 
shown in figs(2.6-2.10). The most striking feature of these graphs is 
the way in which the spontaneous emission distribution extends over a 
much larger energy range than the local gain. In fact, the peak of 
the spontaneous emission distribution coincides with a region of high 
absorption. The implication of this is that only a small part of the 
spontaneous emission experiences gain and contributes to the 
amplified spontaneous emission spectra of superluminescent diodes. It 
















Fig(2.5) Total spontaneous emission rate plotted as a function of the
inversion population squared. The gradient gives an approximate 
































1 .701 .601 .50
Energy (eV)
Fig(2.6) Local gain, g, (top) and spontaneous emission rate, Rspon,
(bottom) v energy for various values of inversion population. 
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Fig(2.7} Local ‘gain, g, (top) and spontaneous emission rate, RSp0n/
(bottom) v energy for various values of inversion population.
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Fig(2.8) Local gain, g, (top) and spontaneous emission rate, RSp0n#
(bottom) v energy for various values of inversion population.
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B « 1.4x10 cm s and n * 0.6 eV. r c
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Fig(2.9) Local gain, g, (top) and spontaneous emission rate, Rsr>on,
(bottom) v energy for various values of inversion population.
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Fig(2.10) Local gain, g, (top) and spontaneous emission rate, Rspon.
(bottom) v energy for various values of inversion population.
-10 3 _1
B * 0.6x10 cm s and n ■ 0.8 eV. r c
magnitude of the gain and spontaneous emission distributions while 
leaving their shapes relatively unchanged. This is in complete 
contrast to the bandtailing parameter, n , which alters the complete
V
shape of the gain and spontaneous emission distributions, 
figs(2.7,2.9 and 2.10). Note that n also alters the magnitude of the 
gain and spontaneous emission distributions, however, its effect is 
much less than that of altering B^.
2.7 Concluding remarks.
A detailed description of light emission processes has been 
given in sections!2.2-2.5) culminating in the development of a simple 
but realistic model of the spontaneous and stimulated emission 
distributions as detailed in section!2.6). The model assumes k- 
selection rules and uses Kane bandtails. The constant matrix element 
approximation is used and it is assumed that the spontaneous emission 
rate takes on the form of the bimolecular recombination equation. 
These approximations are made because the model is specificaly
designed to give a certain ammount of control over the magnitude and 
spectral shape of the spontaneous and stimulated emission
distributions. The magnitude of the spontaneous and stimulated 
emission distributions is dominated by the bimolecular recombination 
rate and their spectral shape is governed by the bandtailing 
parameter. The test of the model was done by including the
spontaneous and stimulated emission distributions in the SLD model 
outlined in chapter {4) and comparing it with experimental 
measurements in chapter (5).
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CHAPTER 3
WAVE PROPAGATION IN SLD AND LASER STRUCTURES
3.1 Introduction.
The main purpose of this chapter is to describe how the 
optical fields that exist in the active layer of DH semiconductor 
SLDs, or lasers, propagate. In the direction perpendicular to the 
junction these fields spread significantly outside of the active
layer and into the adjacent passive layers. This is in complete
contrast to the almost total carrier confinement to the active layer
that the heterostructure provides. It is therefore of particular 
importance to be able to calculate the fraction of the optical fields 
that remain inside the active layer and are able to interact with the 
carriers.
The analysis of wave propagation in the direction
perpendicular to the junction begins by considering the double
heterostructure as a symmetrical dielectric slab waveguide. The main 
approximation involved in this approach is to assume that the layers
immediately adjacent to the active layer are optically infinite. This
is a good approximation because the passive layers are specifically 
designed to be thick enough for the optical fields to decay 
sufficiently in that distance. The solutions of /Maxwell’s, equations 
in a dielectric slab waveguide give rise to two sets of modes,
transverse electric, TE, and transverse magnetic, TM, which are 
orthogonal. In lasers the TE modes are so dominant above threshold 
that it is common practice to neglect the TM modes and calculate only 
the confinement of the TE modes to the active layer, TE confinement
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factor. The polarisation selectivity of lasers stems from the facet 
reflectivities for the TE modes being considerably greater than that 
for the TM modes. Consequently when the laser’s threshold condition 
is reached only the TE modes resonate. SLD’s have quite different 
polarisation characteristics to lasers because the optical feedback 
is surpressed. Both TE and TM fields are therefore present in 
comparable amounts, so that it is necessary to calculate both the TE 
and TM confinement factors.
In conventional stripe geometry lasers and SLDs the 
optical fields are also confined in the lateral direction even though 
the variation of the refractive index is slight. There are two 
competing mechanisms at work; an antiguiding effect produced by the 
injected carriers and a guiding effect due to the optical gain. When 
the gain rather than the refractive index influences the field 
distribution the fields are said to be 'gain-guided. The lateral 
guiding direction is of particular importance in narrow stripe lasers 
where it has been shown to be the cause of kinks in the
light/current characteristics and also to produce spatial 
instabilities, [2-5]. These problems have lead to the development of 
laser and SLD structures which have a built in two-dimensional
waveguide to provide real index guiding in the lateral direction as 
well as in the direction perpendicular to the junction, [6,7]. The 
real index guiding in the lateral direction leads to increased
stability and higher output powers in single mode operation. In wide 
stripe devices that have no inbuilt real index guiding, such as the 
SLDs considered in this project, it has become common practice to 
assume that there are sufficient modes propagating to allow a plane 
wave, ray optics, approach to be used in the lateral direction,
[8,9].
3.2
The mode analysis begins, in section (3.2), with the
statement of Maxwell’s equations and the derivation of the wave 
equation. The procedure for solving the symmetrical slab waveguide 
problem is then outlined in section (3.3). It is shown that a cut­
off frequency exists for higher order modes for a given wavelength,
active layer thickness, and refractive indices of the active and 
passive layers. This provides a design criteria for the maximum
active layer thickness of DH SLDs and lasers for the propagation of 
only the fundamental TE and TM modes. The analysis then proceeds to 
the calculation of the confinement factors for the fundamental TE and 
TM modes which is described in detail in section (3.4). For
completeness, a discussion of the lateral waveguiding mechanisms are 
given in section (3.5). Finally some concluding remarks are made in 
section (3.6)
3.2 The wave equation.
The wave equation provides a natural and logical starting 
point for the analysis of wave propagation in heterostructures. To 
derive the wave equation it is first necessary to state Maxwell’s 
equations. These are the fundamental equations of electromagnetic 
theory and are
7 x E fiB (3.1)
fit
7 x H J + <5D (3.2)
fit
7 . D P (3.3)
7 . B - 0 (3.4)
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where E is the electric field vector, B is the magnetic flux 
density vector, H is the magnetic field vector, J is the current 
density vector, D is the electric flux density vector, and p is the 
charge density. When the field quantities are small in amplitude,as 
in the case considered here, a linear relationship exists between the 
various field quantities through the constitutive relations which are
D « e . E (3.5)
B - p . H (3.6)
J - cr . E (3.7)
where e is the dielectric constant, p is the magnetic permiability 
and a is the conductivity. Using the constitutive relations 
equations (3.1) and (3.2) may be rewritten as
V x E - ^  ^  <3*8)
fit fit
V x H - J + - a E +  (3.9)
fit fit
respectively.
The wave equation for the electromagnetic field is obtained 
as follows:
„ - pfi(V x H) (3.10)
IVx V x E - _ _ _ _ _ _
fit
from the vector identity
V x V x E  ■ V (V . E) - V2E (3.11)
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and equation(3.9), obtain
7(7 . E) - 72E - - pofiE - pefi2E (3.12)
6t fit2
2
where 7 is the laplacian operator given by
. v2 * ^  + + £  (3.13)
2 2 2 
fix fiy fiz
From equations (3.3) and (3.5), when the charge density is zero,
7 . D - 7 . eE - 0
i.e 7 . eE - E . 7e + e7.E - 0
and therefore
7 . E - -(E/e) . 7e (3.14)
Equation (3.12) then reduces to the general wave equation
72E + 7{(E/e) . 7e} - yefi2E + pofiE (3.15)
fit2 fit
In a homogeneous medium 7e = 0 , or if E is perpendicular 
to 7e ,then from equation (3.14)
7 . E - 0. Whence
y*g _ pefij + pofii (3.16)
fit2 fit
Furthermore if o ■ 0 the familiar wave equation results
Equation(3.17) can be rewritten as
v2e - i 'tl {3,18)
2 2 
v 6t
where v »;l//(ey0) and has the physical dimensions of being the 
velocity of light in the medium. Taking exp(jut) time dependence 
gives
y*E _ u 2E  ^ k*E (3.19)
2
V
where u is the angular frequency, ( - 2 ttv ) and k is the propagtion
constant in the unbounded region. In a region of refractive index, n,
the wave equation is
V2E - k2n2E (3.20)
2 2 2
where k - k0 n ; k0 being the free space propagation constant.
3.3 The symmetrical slab waveguide.
The analsis of the symmetrical slab waveguide proceeds as 
follows. Consider a lossless dielectric slab of thickness d in the 
vertical 'y' direction and of infinite extent in the 'x' and 'z' 
directions and having a refractive index, nx# fig(3.1). It is
embedded in an infinite medium characterised by the refractive index,
n2> Solutions of Maxwell's equations having an invariant field shape 








Fig(3.1) Schematic diagram of a symmetrical slab waveguide.
It is well known that {TE)^ and (TM)^  polarised field distributions 
can be independently supported by this waveguide. Solutions of the 
wave equations for both cases are given below.
3.31 TE modes.
For TE waves, E^ - 0 by definition and as the waveguide is
infinite in extent in the *x’ direction fi/fix - 0 . Equations (3.8)
and (3.9) give - 0; i.e. TE waves have non-zero components
E , H and H . ' Since a lossless slab is being considered a - 0 and x y z *
equation (3.17) may be written as
62E 6*E ye<52E (3.21) x +  x «  x '
6y2 6z2 fit2
or in the form of equation (3.20) as
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<52Ex + (n2k* - 82)Ex - 0 (3.22)
2
6y
where the t and z variation of the field is
Ex(y»z*t) - Ex(y).expj(ut - 6z) (3.23)
In the following analysis the exponential factor is surpressed. A
solution of equation (3.22) in the waveguide, region 1 in fig (3.1),
is given by
Ex(y) - A.cos(k1y ) + B.sinf^y) (3.24)
where
2 2 2 2 
ki - nx.k0 - B (3.25)
As pointed out by Marcuse, [10], the analysis is simplified by
considering the even and odd solutions seperately so that only the
case y > 0 needs to be considered. Within the guide for |y| < d/2 the 
even mode is given by equation (3.24) as
E - A.cos(k1|y|) (3.26)
The Hz component of the magnetic field can be found from equation 
(3.8) which gives
-6E . „ (3.27) x ■ - jupH ' '
6y Z
or
Hz " - k1.A.sin(k1|y|) (3.28)
jup
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Outside of the waveguide, region 2 in fig(3.1), the field 
must decay in order to produce modes that are bound to the slab 
waveguide. Therefore outside of the guide, for |y| > d/2, the E^ 
component is given by
Ex - C.exp(-k2(|yI—d/2)) (3.29)
but as E^ is continuous at the interface, |y| « d/2, it follows that
Ex - A.cos(k1d/2).exp(-k2(|y|—d/2)} (3.30)
where
2 2 2 2 
k2 - B - n2.k0 (3.31)
The Hz component of the magnetic field in region 2 is obtained from 
equation (3.27)
Hz - - k2.A.cos(k1d/2).exp(-k2(y-d/2)) (3.32)
juM
The eigenvalue equation is obtained from the boundary condition at 
|y| - d/2 that Hz is continuous. Then equations (3.28) and (3.32) 
combine to yield
tan(k1.d/2) - k2/kx (3.33)
which may be rewritten as
u.tan(u) - w (3.34)
where u - kx.d/2 and w ■ k2.d/2
Using a similar analysis the eigenvalue equation for the 
odd modes may be obtained. In region 1
3.9
Ex - B.sin(kiy) (3.35)
Hx - - kx.B.cos(k1y ) (3.36)
jyp
and in region 2
Ex - B.sin(k1d/2}.exp(-k2(y-d/2)) (3.37)
Hx - - k2.B.sin(k1d/2).exp{-k2(y-d/2)) (3.38)
jt4J
and the resulting eigenvalue equation is
u.cot(u) - -w (3.39)
A further relationship between u and w can be found 
involving the effective frequency of the waveguide. This quantity 
depends on the different refractive indices of the two regions and 
the waveguide thickness and is found by combining equations (3.25) 
and (3.31) to eliminate B giving
k* ♦ k2 - (n* - n*).k* (3.40)
which can be normalised by multiplying both sides of the equation by 
(d/2) to give
2 2 2
u + w - v (3.41)
where
v - 2T[.d./(n[ - n*) (3.42)
Xo 2
Either graphical or numerical techniques are necessary to find 
solutions of the eigenvalue equations, (3.31), (3.34) and (3.39)
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since they are transcendental. The graphical method of obtaining 
solutions as given , e.g., in Collin, [11] and shown here in figs
(3.2) and (3.3), provide a useful insight into the eigenvalue 
equations. When plotting w against u the dispersion relation (3.41) 
is represented by a circle of radius v centred at the origin. The 
graphs of u.tan(u) and u.cot(u) have the form of modified tan and cot 
curves respectively. Solutions of the eigenvalue equations 
representing confined ’surface’ modes occur when the curves intersect 
the ’dispersion circles' in the first quadrant. Note that for a given 
wavelength the active layer thickness and the refractive indices of 
the two regions must be assigned. Solutions exist with w < 0 and 
these represent modes excited within the guide that have fields with 
intensity increasing exponentially away from the interface. These are 
known as 'improper' modes. The surface modes are usually numbered so 
that the lowest even mode, with u between 0 and tt/2, is number 0, 
the first odd mode is number 1, the second even mode is number 2, 
etc.
From the graphs, figs (3.2) and (3.3), it is noticable that 
for all values of v there is a solution for an even mode, but if v is 
less than tt/2 the lowest odd mode is cut off. This fact, plus a 
knowledge of the refractive indices permits a value for d to be 
calculated below which only the fundamental TE mode will propagate. 
This condition can be expressed as







Fig(3.2) Graphical solution of the eigenvalue equation (#.34) for 
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Fig(3.3) Graphical solution of the eigenvalue equation (>0.39} for 
the odd TE inodes in a symmetrical slab waveguide.
This expression is not only valid for the fundamental TE mode but 
also for the fundamental TM mode as it is derived from the dispersion 
relation for the material. It is instructive to consider some typical 
values for the GaAs/GaAlAs DH material that typical SLDs are made 
from. Taking - 3.55 , n2 "3.38 and a minimum wavelength for the 
spectrum of X0 - 0.82y , gives a thickness for the active layer of 
0.38p below which only the fundamental TE and TM modes will 
propagate.
3.32 TM modes.
For TM modes - 0 by definition, and as 6/<5x « 0
equations (3.8) and (3.9) give Ex « Hz « 0, i.e TM waves have non­
zero components H^, E^ and Ez> In the same manner as for TE waves, 
the wave equation for TM waves may be written as
2
6 H 2 2 2
x + (n k0 - 6 )H - 0 (3.45)
2 X
6y
and following a similar analysis as previously used for TE modes the 
eigenvalue equation for even TM modes is
2 2
u.tan(u) ■ r\1/r\2,w (3.46)
and for odd TM modes is
2 2
u.cot(u) - -n1/n2.w (3.47)
The obvious difference between the eigenvalue equations for TE and TM
2 2
modes is the extra term nx /n2 in the TM equations. This extra term
arises because D^ - eE^ is continuous at |y| - d, and therefore
EiE - e2E . The TE mode has E - 0 hence the difference between the 
y i y 2 y
TE and TM modes.
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3.4 Confinement factor.
In semiconductor lasers and SLDs the DH structure provides 
not only optical confinement, as described by the slab waveguide, but 
also carrier confinement. The carrier confinement can be assumed to 
be total for typical active layer thicknesses and AlGaAs
compositional differences between the active and passive layers. 
This, however, is not the case for optical confinement where a 
significant portion of the optical fields spread into the passive 
layers and therefore cannot interact with the carriers. It is
therefore necessary to calculate the fraction of the optical fields
that remain inside the active layer. This fraction is known as the
confinement factor,r and is defined as the power that remains in the 
active layer divided by the total power, i.e
d/2
1/2 / (E x H )6a
-d/2________  (3.48)
® *
1/2 / (E x H )<5a
where da - uz.6x.6y - uz.1.6x since the slab waveguide is uniform 
along x. For symmetric slab waveguides the above equation may be 
written as
d/ 2






/ (E X H*)<5y + / (E X H )6y
The confinement factor for each propagating mode, is in general, 
different from that of other modes.
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3.41 Confinement factor for the fundamental TE mode.
In the case of TE modes, where the field components 




1 + d/2 x y
d/2 ^




Then by substituting for E^ from equations {3.30} and (3.37) in the 
active and passive layers respectively, and obtaining from
equation (3.8), as was done for Hz in equation (3.28) the expression 
becomes
TE







The two integrals can be evaluated seperately to give
d/2 2





/ cos (kjd/2}.exp(-2k2(y - d/2))6y - cos {kxd/2)) (3.53)
0 -----------
2k „









An analytic approximation for the confinement factor for 
the fundamental TE mode which is accurate to 1.5% has been derived by 




where v is given by equation (3.42). In fig(3.4) a comparison of 
Botez’s approximation with numerical results show how the TE 
confinement factor varies with the active layer thickness, d, for a 
number of refractive indices differences between the active and 
passive layers.
4.42 Confinement factor for the fundamental TM mode.
For TM modes the field components Ex - Hz - - 0 and
equation (3.50) for the confinement factor becomes
TM d/2





and using a similar analysis to that used for the TE confinement 
factor
TM





is obtained. The only difference between the confinement factor for 
















active layer thickness (p)
Fig(3.4) Comparison of numerically calculated curves for the confinement
factor for the fundamental TE mode (solid lines) and Botez's
approximation (dashed lines), [12]. The curves correspond to
various aluminium contents (x) of a GaAs-Al Ga. As double1 x x-x
heterostructure.
denominator of the TM confinement factor.
Botez has also offered an analytic approximation to the 
confinement factor for the TM fundamental mode of the symmetrical 
dielectric slab, [13],
rTM - 2m*v 2 (3.58)
~  2 
1 + 2m v
where v is given by equation (3.42) and
m - Hj/Hi (3.59)
3.5 Gain Guiding.
It is now generally accepted that the dielectric properties 
of the active region are altered by the presence of injected carriers 
and the associated optical gain. Studies by various workers, [14-16], 
indicate that the real part of the dielectric constant may become 
lower beneath the stripe than in the passive region and the guiding 
mechanism is due to the optical gain. The distribution of injected 
carriers is therefore the dominant factor in determining the spread 
of light in the lateral direction.
Apart from providing gain the injected carriers produce a 
reduction in the refractive index in two seperate ways, [17]. Pirst, 
there is the direct free-carrier interaction with the optical wave, 
the so-called plasma effect, the magnitude of which is proportional 
to the concentration of the injected carriers. Secondly, there is the 
band-to-band interaction with the injected carriers which accompanies 
the gain process and whose magnitude is related, by the Kramers- 
Kroenic relations, to the total dispersion of the gain spectrum, 
[18]. A comprehensive study of both these effects has been made by
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Thompson, [19], who shows that these effects reduce the real part of 
the complex dielectric constant in an approximately linear 
relationship with the inversion population. This has been 
experimentally confirmed by Selway et al, [20], The local gain also 
varies with the carrier density, however it is a positive function so 
that any increase in gain under the stripe is accompanied by a 
decrease in the refractive index.
The standard dielectric waveguide analysis is capable of 
dealing with such a situation because the optical gain can equally 
well be described in terms of an imaginary component of the 
dielectric constant. This form has been used by Schlosser, [14], for 
abrubt ’gain guiding' and by Cook and Nash, [15], and Hakki, [21], 
for continuosly distributed stripe waveguides. It has also been used 
by Unger, [22], in his treatment of the 'gain guiding’ situation 
perpendicular to the junction in homostructure lasers. The analysis 
is in fact a two-dimensional problem because the dielectric constant 
variations cannot be written as a sum of independent x and y 
variations. As an approximation, seperation of the field variation in 
the x and y directions, by writing the field as a product of a purely 
y dependent and a purely x dependent function, allows the x direction 
to be treated independently. In [23,24] it was suggested to describe 
the x variation of the dielectric constant by a parabola. This makes 
it possible to express the x variation of the field by Hermite- 
Gaussian functions. This treatment has been extended to comjfex 
dielectric constants, [15,25], in order to account for gain 
variations. Apart from the parabola some other profiles allow 
analytical solution of the field problem, [21,26]. One of the 
problems with this type of method is that the stripe width of the 
device dictates which profile is best to use. An alternative and more
versatile method of solving this two-dimensional field problem is to 
use the ’effective dielectric constant (EDC) method’, originally 
developed by Tulios and Knox, [27], to reduce it to one dimension. 
The EDC method has been successfully used to analyse a number of 
lossless passive dielectric waveguides and components, [28,29], and 
is particularly suited to the study of waveguiding in stripe-geometry 
DH lasers, [30].
Application of the EDC method makes it possible to replace 
the actual structure by a hypothetical homogeneous structure that is 
infinitely long in the x direction. Matching the tangential
components of the electric and magnetic field at each interface
allows the effective dielectric constant to be defined. The structure 
can then be replaced by another hypothetical homogeneous structure 
that is infinitely long in the y direction having the values of the 
effective refractive indices found earlier in the appropriate 
vertical layers. The field problem in the x direction is then solved 
as if it were a slab waveguide.
3.6 Concluding Remarks
The guiding mechanisms in lasers and SLDs has been 
discussed. In particular the double heterostructure that provides the 
guidance in the plane perpendicular to the junction has been treated 
by the symmetric slab model. It has been shown that only the 
fundamental TE and TM modes propogate if the active layer is thin
enough. This provides a design parameter for lasers and SLDs. The
analysis leads to expressions for the confinement factors of the 
fundamental TE and TM modes that are essential for modelling the 
polarisation characteristics of SLDs, see chapter(7). For 
completeness a general discussion of the guiding mechanisms in the
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lateral direction is given however; it is worth stating again that 
the SLDs considered in this project are wide stripe devices that can 
be assumed to support enough lateral modes to make a plane wave *ray 
optics' analysis a valid approximation in the lateral direction.
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A COMPREHENSIVE MODEL OF THE SUPERLUMINESCENT DIODE
4.1 Introduction
The SLD structure, fig (1.1a), proposed by Lee et al, [1], 
has been investigated by a number of authors, [e.g 2,3,4,5]. Simple 
analytic approximations for the light/current characteristics and the 
beamwidth (far-field angular distribution) in the plane of the 
junction were offered in [1], To obtain the analytic expressions the 
inversion population was assumed to be constant along the length of 
the stripe contact. A very simplistic normalised frequency 
distribution was used in [2] to obtain the spectral half-width 
variation with current and stripe length. In this analysis the 
inversion population was also assumed to be constant along the stripe 
length. Subsequent publications, [3,4,5] have included the 
longitudinal variation of the inversion population. In [5] Marcuse 
not only obtains the light/current characteristics, previously 
puplished in [3,4], but also the far-intensity angular distribution. 
Unlike the previous analyses, [1,2,3,4], Marcuse's model assumes 
lateral confinement for the photons (i.e real index guiding) and pays 
particular attention to the efficiency of coupling power from such a 
device to an optical fibre. The degree of polarisation has been 
measured for SLDs, [1,6], however no attempt has been made to include 
it in a theoretical model. It has been the the aim of our research to 
develop a theoretical model for SLDs which includes all of the above 
mentioned characteristics.
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The formulation of the model is kept very general so that 
it yields results for light/current characteristics, spectral 
distribution, far-intensity ’angular* distribution and polarisation 
while maintaining the longitudinal dependency of the inversion 
population. A new feature that is essential to the model is the use 
of a one dimensional (longitudinal) formulation which, however, still 
yields the angular distribution of the photon density in the lateral 
direction. Of course, this entails some approximations which slightly 
limits the accuracy with which the model predicts the angular
distribution of the actual device, but the computational simplicity 
of this approach is particularly attractive. The spectral 
distribution is obtained by the inclusion of a wavelength dependency 
of the local gain and the spontaneous emission. These distributions 
are calculated from the basic semiconductor band structure as 
outlined in section (3.6). It is necessary to have a realistic
representation of these quantities because, unlike semiconductor 
lasers, there is no sharp lasing linewidth but rather a broad spectra 
which, however, does narrow quite considerably with increasing 
current and/or stripe length.
A general description of the principles involved in
developing the SLD model are given in section(4.2). This is followed 
by the actual formulation of the one-dimensional (longitudinal) 
photon and charge conservation equations in sections(4.3) and (4.4) 
respectively. It is these equations together with the boundary 
conditions, described in section(4.5), that form the basis of the 
model. The numerical procedure for solving these equations subject to 
the appropriate boundary conditions is outlined in section(4.6). The 
chapter ends with a brief summary of the SLD model in section(4.7).
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4.2 General description of the SLD model.
The SLD structure, fig (1.1a), that is considered in this 
model is constructed of double-heterostructure material that provides 
not only carrier confinement to the active layer but also acts as a 
slab dielectric waveguide to the electromagnetic (optical) radiation, 
fig(4.la). It was shown in section (3.31) that the typical thickness 
{£ 0.3p) of the active layer and the refractive index difference
(An/n = 5%) between the active and cladding layers allows only one
set of bound modes, the fundamental TE and TM, for a symmetric slab 
waveguide, to propagate along the active layer. The confinement 
factor for these modes can be obtained by either, solving the 
symmetric slab waveguide problem outlined in section (3.4) and using 
equations (3.54) and (3.57), or more easily by utilising the 
approximations of Botez [7,8], equations (3.55) and (3.58). The gain 
of each mode is then effectively obtained by multiplying the local 
gain, derived in section (2.6), with it’s corresponding confinement 
factor. In the plane of the active layer, however, scalar plane wave 
(ray optics) propagation is considered.
It is assumed that the spontaneous emission is radiated 
isotropically, such that the fraction
6 - 2<t> 60 (4.1)s c ' '
is directed into the angular range 20 in the direction perpendicular
to the junction (’y ’ direction), fig(4.1a), and into the angular
range 60 in the plane of the junction, fig(4.1b). <t> is the criticalc
angle for total internal reflection and is defined as
*c “ 003"Nnj/nJ (4.2)










Fig(4.1) Schematic diagram of the active layer of an SLD:
a) side view, b)top view.
layers respectively, fig(4.1a).
The equations that are used to formulate the SLD model are 
obtained by enforcing the physical requirements of photon and charge 
carrier conservation. The charge carrier conservation equation is 
developed by including terms for the electrical pumping, stimulated 
emission and spontaneous emission. The photon conservation equations, 
in particular include the angular distribution of the photons in the 
plane of the active layer. This particular feature is included in 
such a manner that the final form is still a one dimensional 
equation. The formulation assumes steady state conditions, 6/6t ■ 0, 
and plane waves {ray optics) in the (x,z) plane of the junction.
4.3 The photon conservation equation.
Let plane waves of 'type-k’ propagating in any arbitrary 
direction in the plane of the active layer be represented by a photon 
density P^{u,v), fig (4.2), where u is the direction of propagation 
of the plane wave with velocity c. Here and henceforth ’type-k’ 
indicates any property of the photon which is necessary in applying 
the concept of the corresponding stimulated gain, {N ), to the wave, 
e.g wavelength, polarisation etc. The use of the transverse co­
ordinate 'v' in P^(u,v) is meant to indicate approximately plane 
waves having intensities dependent on *v’ but not coherently related. 
The conservation of ’type-k’ photons propagating in the direction 
’u', fig(4.2), can be represented by the equation
c.fiPk(u,v) - Gk(N).Pk(U,v) ♦ fisk-RSpon'X'N » <4-31
6 u
where N - N(u,v). This is simply a stationary form of the travelling 
wave rate equation so often referred to in the literature, eg [9,10].
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Fig(4.2) Photons propagating in an arbitrary direction ’u* 
with velocity *c'
z
Fig(4.3) Photons propagating in an arbitrary direction ’u’ 
in an x,z coordinate system.
The spontaneous emission term in equation (4.3) consists of two
terms; 6gk, which represents the fraction of spontaneous emission 
propagating in direction ’u', and Rspon(*,N) which indicates the 
wavelength distribution of the photons at an inversion population N. 
Note that to keep the analysis general the suffix k is added to 6g to 
indicate the ammount of spontaneous emission that is emitted into 
each of the polarisations, which is not necessarily equal, [11,12]. 
The modal gain, G(N) is explicitly related to the local gain g(N) by
Gk{N) - rk[gk(N) - Fc(2N + Pl)] - [1 - rk]Fcp2 (4.4)
,[13], where Fc is the free carrier absorption constant ,Tk is the
confinement factor and p2 and p2 are the doping densities of the
active and passive layers respectively.
Since rays of different angles with respect to the normal 
to the output facet are required for the far-intensity angular 
distribution it is most convenient to use the independent variables 
’s’ and 'x *, fig (4.3). The density of 'type-k' photons can then be 
written more explicitly as pk(0,X,z,x), where 'k' now represents the 
polarisation only. It is convenient and also common practice to refer 
to waves as being incident on or reflected from the facets. Thus the 
angular range is restricted to -ir/2 4 8 4 tt/ 2  by specifically
refering to forward travelling waves 'f ’ or reverse travelling waves 
’r’. Hence pk(0,X,z,x) , 0 4 0 4 2tt is equivalent to using
p^k(0,X,z,x) and prk(0,X,z,x) , -tt/2 4 0 4 ir/2 , all angles
being with respect to the positive directed z-axis. Thus for example, 
a forward travelling wave at an angle ’+0’ provides a reverse 
travelling wave at an angle *-0' upon reflection from a facet. The 
two dimensional photon flux, Q, associated with these photon 
densities are
4.5
Qfk(0,X,z,x) - cQpfk(0,X,z,x) (4.5)
and
Qrk(0'X'z'x* “ -cePrk(e,X,z,x) (4.6)
A A
where Cg « uz.c.cos(0 ) + ux.c.sin(0), c ■ constant, the speed of
A A
light in the medium, uz and ux are unit vectors along ’z ’ and ’x’ 
respectively. Applying the two dimensional, (x,z), divergence on Q 
and equating this to the net photons generated under steady state 
conditions yields the equations in ’z ’ and ’x’ corresponding to 
equation (4.3) as
c.sin(0)6pjk(0,X,z,x) + c.cos(0)6p^k(0,X,z,x) (4.7)
6x 6z
- G. (X,N) .p,. (0,X,z,x) + 6 . R (X,N)k ' ' Kf k '  ' sk sporr '
and
c.sin(0)6prk(0,X,z,x) + c.cos(0)6prk(0,X,z,x) (4.8)
6x 6z
- -[Gk(X.N).prk(e,i.3.x| + fiskRspond.N)]
where N « N(z,x) and -ir/2 4 0 4 ir/2.
The photon conservation equations , stated above, take into 
account photons travelling in any direction at any point in the
active layer. To solve these equations in this form would require an 
excessive amount of computation time. It is, however, possible to 
reduce the two-dimensional photon conservation equations into a one­
dimensional form, which still maintains the angular dependence in the 
lateral direction. To do this it is necessary to make some
simplifying approximations. It is assumed that the current injecting 
stripe contact produces a rectangular shaped pumped region in the
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active layer, fig(4.4). This approximation amounts to neglecting 
current spreading effects and diffusion as being negligible and is 
certainly reasonable for wide striped SLDs. The boundaries of the 
rectangular region are 0 4 x 4 w and 0 4 z 4 L with the output facet 
being at z - L. It is assumed in the model that outside the 
rectangular region, in the active layer, the material is infinitely 
absorbing to all the radiation and that within the rectangular region 
the inversion population, *N’, and hence the modal gain, G^(X,N), 
are constant across the width, w, i.e
N(z,x;
N(z) , 0 4 x 4 w , 0 4 z 4 L
0 , elsewhere
and (4.9)
Gk(X,N) , 0 4 x 4 w , 0 4 z 4 L
Gk(X,N)
0 , elsewhere
From here-on this will be refered to as the ’hard edge’ model.
The boundary conditions of the 'hard edge’ model provide 
the basis for the reduction of the two-dimensional photon equations 
into the one-dimensional form required. It is evident from fig (4.4) 
that,say, forward travelling waves at an angle ’+0’ to the z-axis 
will only remain totaly within the pumped region up to z - L if they 
originate within the region defined by
for 0 4 z 4 L when 0 4 6 4 6 ,
0 4 x 4  hQ(z),
for z i (L - w.cot|0|) when 0 I 0^
where h (z) - [w - (L - z)tan(0) and 0^ - tan (w/L). Note that
hg - 0 for z 4 (L - w.cot|0|) when 0 4 0^.
It is the appropriate sum of all such rays that will contribute to 
the far-intensity angular distribution at an angle ’+0’ to the z- 





Fig(4.4) Schematic diagram of the pumped region of the SLD showing 
rays that remain totally within its boundaries up to z-L. 
This provides the basis for the definition of the average 
photon density.
dimensional problem into one dimension by defining an average photon 
density for 0 A 0 as
h ( z )
Pfk(6,X,z) - 1 / 6x.pfk(6,X#z,x)
w 0
Differentiating equation {4.10} with respect to 2 yields
h Cz>
6Pfk(8,X,z) - 1 fix. 6pfk(0,X,z,x)




On multiplying throughout by c.cos{0) and noting that 
6h0{z)/fiz - tan(0} the above equation becomes
h (z>
c.cos{0) / fix.fipfk{0,X,z,x) - c.cos{0).fiPfk{0,X,z}
w fiz fiz
- c.sin(8 ) .pfk(8.X,z, 
w
and also
h ( z )
c.sin{0} / fix.fip,. (0,X,z,x)
  0 —
w fix
- c.sin(8).[pfk(0#X>z>hQ(z)) - Pfk(0' 
w
h0{z)

















which is obviously true for 0 - 0 but is also valid for 0 > 0 since 
pfk(0,1.2.O ) - 0, because of the assumption in the model that no
photons are generated outside the rectangular pumped region.
The same integral is then applied to the right hand side, 
RHS, of equation (4.7) and bearing in mind that the model assumes
constancy of ’N ’ and ’G' in the region 0 4 x 4 w it follows that
RHS - Gk(X,N).Pfk(0,X,z) + he(z).<5skRspon(X,N) (4.15)
w
therefore combining equations (4.14) and (4.15) gives the required 
one-dimensional form for the photon conservation equation
c.cos(0).6Pfk(0,X,z) - Gk(X,N).Pf|<(0,X,z) (4.15)
6z
♦ [1 - iL^_zl.tan|e|] 6skRsponll.N)
which is valid for 0 4 |0| 4 0^ when 0 4 z 4 L
and for |0| A 6  ^ when z i (L - w.cot|0|)
Note that P^k(0,X,z) - 0 for |0| i 0^ when z 1 (L - w.cot|0|
The use of ’|0 |' in equation (4.16) is because the same form of
equation is obtained for the corresponding ’-0’ rays. It is only
necessary to solve equation (4.16) explicitly for P^k(0,X,z), for 
0 > 0 as the symmetry of the rectangular pumped region means that
pfk<e.x.z). for 0 < 0 is equal to that for 0 > 0 , appendix (Al) and 
follows from recognising the symmetry of the photon density about 
x - w/2.
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From equation (4.8) and by using similar definitions as was 
used for the average photon density for forward travelling waves, the 
reverse travelling waves are formulated by the equation
c.cos(0).6Prk(e,X,z) - - { Gk(X,N).Prk(8,X,z) (4.17)
6z
+ n  - z.tanieil 6 .R (X,N) 1 1 ---— LJ sk spon' ' J
which is valid for 0 4 |0| 1 0f when 0 4 z 4 L
and for |6| i 0f when z A w.cot|8 |
Note that Prk(8,X,z) - 0 for |0| A 0^ when z A w.cot|8|
As with equation (4.16) equation (4.17) applies to 8 A 0 and 8 4 0
rays.
4.4 The charge carrier conservation equation.
In the theory of electric current flow, the equation of 
continuity expresses the condition that there is no accumulation of 
charge in a conducting medium. Semiconductors have different 
properties to conductors in that there is not only current flow to be 
considered but also the recombination of electron/hole pairs. The 
recombination processes can be divided into two types, radiative 
recombination, which result in the production of photons, and non- 
radiative recombination which does not. Radiative recombination can 
also be divided into two types, spontaneous and stimulated 
recombination. A more complete description of the radiative 
recombination processes is found in chapter (2).
The charge conservation equation is developed by including 
three terms, electric pumping, stimulated recombination and
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spontaneous recombination, and may be written as
J ® ir/2
- / 6X E r.g(X,N) / 60 [pf.{e,X,z,x) + p f(0,X,z,x}]
qd 0 - tt/2
a>
where q is the charge on an electron, d is the active layer thickness 
and J0 is the current density. There are a number of approximations 
involved in formulating this equation. Steady state conditions are 
assumed; equation {4.18} is, in fact, a stationary form of the charge 
carrier rate equation given in [9,10]. The current density is assumed 
to be constant throughout the rectangular striped region and to
remain so throughout the different layers of the double­
heterostructure material. This amounts to neglecting current
spreading and the diffusion of carriers. It is also assumed that the
current density is evenly distributed throughout the active layer 
thickness so that at the top of the active layer J - J0 and at the 
bottom of the active layer J - 0, thus the carrier confinement to the 
active layer is total. The modal gain, ’Gk(N)’, given in equation 
(4.4) reduces to rkg(X,N) in equation (4.18} because free carrier 
absorption does not give rise to band to band transition. Non-
radiative transitions are taken into account by including the
radiative recombination coefficient, in the spontaneous emission term 
of equation!4.18}. is defined by the equation
where Rnr is the non-radiative recombination rate.
Equation {4.18} is in terms of the two-dimensional, (z,x}.
Rspon (4.19}
R + Rspon nr
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photon densities, Pfk(0,X,z,x) and ppk(0,X,z,x), and there is no 
averaging process that would permit this equation to be converted 
exactly into an equation in terms of the one-dimensional photon 
densities, Pjk(6/X,z) and Ppk(0,X,z). As the 0 - 0 rays have the
largest photon density and therefore the largest effect on the 
inversion population, any averaging should at least be correct for 
these rays. Thus, equation (4.18) may be averaged by integrating
w
both sides with 1 / 6x. Note that the integral only applies to
w 0
Prk<e.x,z.x) as all the other quantities in the equation are assumed 
independent of ’x’ and hence remain unchanged by the integration. If 
Pfk(6.X.z,x) and ppk(0,X,z,x) can be assumed to be approximately
_i
constant across 'x', and this is very nearly so for |6| << tan (w/z)
_i
for forward travelling photons, and |0| << tan (w/L-z), then for p^k 
it follows from equation (4.10) that
w
1 / 6x.pf (0,X,z,x) = _w .Pfk(0,X,z) - w.Pfk(0,X,z)
w 0 h (z) ---------------
0 w - (L - z)tan|0|
(4.19)
Similarly for reverse travelling photons 
w
1 / 6x.pfk(0,X,z,x) - w.Pfk(0,X,z) (4.20)
W ^ w - (L - z)tan|0|
Since equations(4.19) and (4.20) reduce to P^k(0,X,z) and Ppk(0,X,z) 
for 0 - 0 and the averaging process used in deriving
squat ions (4.19) and (4.20) is only strictly accurate when 0 - 0 it
w
was decided to use 1 / 6x.pk(0,X,z,x) = Pk(0,X,z) in equation(4.18).
w 0




_1 - / 6X E r g(X,N) / 66 2[P (0,x,z) + Pp.(6.1.2 )]
qd o K 0
+ 6X-Rspon(X,N> <4'21>
neff
Finally this equation can be further simplified by making the 
approximation that
' 6X'Rspon<X'N> ' B/  I4'22'
where Bp is the bimolecular recombination rate, section(3.6). Thus 
equation!4.21) becomes
J ® tt/2
- / 6X E T g(X,N) / 60 2[P (0,X,z) ♦ P (0,X,z)]
qd 0 0 ,K rt
+ B N2 (4-23)r 1 '
nef f
The bimolecular recombination form for the total spontaneous emission 
is used to save excessive computation.
4.5 The boundary conditions.
The photon densities, p^k(0,X,z,x) and ppk(0,X,z,x), are in 
general, reflected from the facets at z * L and z - 0 respectively,
fig(4.5). The resulting boundary conditions may be written as
Prk(-0,X,z«L,x) - Rk(|0|,X,z=L).pfk(6,X,z-L,x) (4.24)
and
pfk(-0,X,z«O,x) - Rk(|0|,X,z-O).Ppk(0,X,z-O,x) (4.25)
where the facet reflectivities, R, are kept as general as possible by
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X2-0
Fig(4.5) Schematic diagram of the active region of the SLD showing
rays that are reflected from the front facet and remain 
totally within its boundaries up to z*0.
allowing for the possibility of wavelength and polarisation 
dependencies. It is convenient to use the notation
Rkf(|0|,X) - Rk{|0|,l.z-L) and Rkb(|0|,X) - Rfc(|0|,1,b-L)
for the front and back facet reflectivities, respectively.
It can be seen from fig(4.5) that reflected rays only 
remain totally within the confines of the SLDs boundaries if they 
strike the facet within the region w-Ltan{0). It is therefore 
necessary to average these rays over the whole width of the facet, w. 
This is done by applying the definition for the average photon 
density, equation (4.10), to equation (4.25) producing
hi
Pfk(-6A,0) - 1 / 6x.pfk(6,X,0,x) h (4.26)
w 0 1
- Rkb(|01A) / 6x.ppk(0,X,O,x)
w ^
where h^ - w-Ltan{0). Equation (4.26) may be rewritten as
w Ltan(0 )




Prk(-0,X,O) - 1 / 6x.prk(0,X,O,x) (4.28)
w 0
and if prk(0,X,O,x) can be taken to be almost independent of 'x*, 
fig(4.6), then ppk(0,X,O,x) = Prk(0,X,x) and on this basis
Pfk(-0,X,O) = Rkb(|0|,X).(l - Ltani0L).Pfk(0,X,O) (4.29)
w
Now remembering that Pk(0,X,z) - Pk(-0,X,z), from the symmetry of the
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structure, equation (4.29) may be written as
Pfk(0,X,O) - Rkba(|0|,X).Prk(e,X,O) (4.30)
where the appropriate averaged reflectivity, (Rkba)' aPProximate^y
Rkba(,8|'X) S (1 - Lt_anjej.).Rkb(|e|,X) (4.31)
w
Similarly the averaged front facet reflectivity is
Rkfa(|6|,X) = (1 - Ltan|9|).Rf(161,1) (4.32)
w
and the boundary condition, equation(4.24) may be rewritten as
Prk(0,X,L) - Rkfa(|0|,l).Pfk(0,X.L) (4.33)
The assumption that prk(0,X,O,x) and p^k(8,X,L,x) are almost 
independent of ’x’ is a very good approximation for small '0 ’,
_i
fig(4.6) i.e |6| << (-tan (w/L)), and since it is these rays 
that contribute the major part of the total photon density, the 
average reflectivities of equations(4.31) and (4.32) are the most 
suitable to use for a one-dimensional formulation.
For the SLD structure shown in fig (1.1a) the current 
injecting stripe contact extends all the way up to the front cleaved 
facet at z « L, the output facet, so that Rkf(|8|#X) is the typical 
reflectivity, = 0.3 , for the active layer semiconductor, GaAs, to 
air interface. Note that for a more complete analysis the 
polarisation, 'k', see chapter(7), wavelength or angular dependencies 
may be included in R^. The ’back facet' reflectivity for the SLD, 
R^t|0|,X,0), is taken to be zero because the current injecting 
stripe contact, ending at z - 0, is far removed from any (real) 




reverse travelling photons of density Pp^{|0|,1,0) are totally ’lost’ 
in the infinitely absorbing region of the active layer. However this 
model does allow for any specified value of Rkb(|8|,X) and therefore 
can be used to model the device structure of Wang et al, [6], where 
the stripe contact extends to both cleaved facets and anti-reflection 
coatings are used to suppress the ’lasing’ feedback.
4.6 Numerical Method.
The numerical computation involves solving the set of first 
order ordinary differential equations, (4.16) and (4.17), for the 
photon densities, and P^, but which are coupled via the charge 
carrier conservation equation, (4.23). The photon densities must also 
satisfy the boundary conditions, equations (4.30) and (4.33), due to 
the facet reflectivities at the two ends, z - 0 and z - L, of the SLD.
Since the differential equations are of first order a step- 
by-step method of solving the equations is used. The boundary 
conditions at the two ends provide the test, after each ’run' along 
the length of the device, to decide whether a further iteration is 
necessary to attain the desired accuracy of solution. At a first 
glance it seems sensible to solve for both P^ and P^ at each
longitudinal point, z, in a run irrespective of the stepping
direction. This is obviously convenient because both P^ and Pb are 
required at each longitudinal point to calculate the inversion 
population. Problems can occur with this method, however, because the 
gain at certain wavelengths can change from positive to negative and 
the forward and reverse runs produce different photon distributions 
along the length. This error is avoided by solving only for P^ when
stepping in the forward direction and Pb when stepping in the
backward direction. Of course this then entails storing the values of
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Pj and at each longitudinal point so that their values are
available for solving the carrier conservation equation, and adds 
considerably to the ammount of storage required when running the 
program.
The carrier conservation equation, (4.23), relating the 
inversion population to the photon densities, is not a simple 
function of N and is therefore solved iteratively by a ’step-halving' 
routine at each longitudinal point. The convergence of this method, 
for obtaining N at each point, is extremely fast because the starting 
value (zeroth iteration) is the solution at the previous longitudinal 
point in that run. This is especially true at low current densities 
where the inversion population varies little with longitudinal 
position.
The spontaneous emission and stimulated gain distributions, 
as functions of the inversion population, N, and wavelength, X, are 
required in the course of self consistently solving the carrier 
conservation and photon conservation equations. These distributions 
are calculated numerically from quite involved equations derived from 
semiconductor physics, chapter(3), and for computational efficiency 
the two distributions are stored as data for forty values of X and 
twenty values of N. The required values of spontaneous emission and 
stimulated gain, for any value of X and N, are then obtained by using 
a cubic interpolation between the nearest stored points. It is worth 
noting that for any particular ’run’ of the computer program the 
wavelength values are constant so that only a one dimensional 
interpolation in N is necessary to obtain the required values of 
spontaneous emission and stimulated gain.
In general, when running the program, a solution was found 
to be acceptable if the photon density in each wavelength slot, at
4.17
the front facet, changed by less than 0.1* from one iteration to the 
next. Tests were done at higher accuracies but the change in the 
photon densities was found to be insignificant. Tests were also done 
to ensure that, if the boundary condition at the front facet was 
satisfied, the photon density distributions along the length of the 
device in each wavelength slot remained unchanged for successive 
iterations. The accuracy for solving the inversion population at 
each individual point along the length was 0.05*. No significant 
change in the photon densities were found by increasing this 
accuracy. In the process of solving the first order differential
equations, (4.16) and (4.17) for the photon densities, P^ and P^, a
step length Z lOp was used. This value was decided on as a 
compromise between accuracy and computation time.
Section!4.7) Concluding Remarks.
A general model of the SLD has been developed. This has 
been achieved by using an approximate averaging that helps to reduce 
the two-dimensional photon and charge conservation equations to a 
one-dimensional (longitudinal) formulation that is still capable of 
producing the far-intensity (angular) distribution in the lateral
direction. Also included in this model is a detailed representation 
for the wavelength dependency of the local gain and spontaneous 
emission so that it consequently yields a realistic spectral 
distribution for the SLD. A further feature of this model is the 
inclusion of polarisation dependent parameters allowing a
comprehensive investigation into the polarisation properties of the 
SLD to be undertaken, see chapter (7).
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A COMPARISON OF THE EXPERIMENTAL AND THEORETICAL 
CHARACTERISTICS OF SLDS
5.1 Introduction.
The main purpose of this chapter is to compare results
obtained from the theoretical model of the SLD, described in
chapter!4), with experimental measurements. With that aim the
light/current characteristics, spectral distribution and far-
intensity angular distribution of a number of SLDs were measured. The 
main difficulty in making a comparison between theory and experiment 
is in deciding what values of semiconductor material constants to use 
in the model. Certain parameters such as the doping densities and the 
aluminium contents of the active and passive layers are supplied by 
the manufacturers. Other parameters such as the bimolecular 
recombination coefficient and the bandtailing paramter are not so
easily obtained. Experimental measurements for the bimolecular
.11 _io
recombination coeficient, Br, range between 0.6x10 and 1.3x10
3 .1
cm s for GaAs, [1-3], a sizeable variation. Since accurate values 
of such constants are not readily available for double­
heterostructure laser material an alternative method of determining 
their values had to be found. The method chosen involved evaluating 
the unknown parameters by matching the theoretical light/current and 
spectral characteristics to the experimental results of an 
arbirtrarily selected SLD. Once determined these values were 
subsequently kept constant and used to predict theoretically the 
characteristics of the other measured devices.
5.1
The measurement techniques used to obtain the 
light/current, spectral and far-intensity characteristics of the SLDs 
are described in section{5.2). The basis for the comparison between 
theory and experiment is outlined in section (5.3) before proceeding 
to the actual results in sections(5.31-5.33}. A brief summary is 
given in section{5.4}.
5.2 Experimental Measurements
The optical output power, spectral distribution and far- 
intensity angular distribution were measured as a function of drive 
current for a number of SLDs. The experimental measurements, although 
fairly conventional, are described in detail, not only for 
completeness but also because they clearly indicate the basis for the 
comparison between experiment and theory.
When making measurements on SLDs (or lasers) it is 
essential to consider temperature effects. Internal heating arises in 
SLDs because of their small dimensions and the large currents used to 
drive them. fig(5.1) illustrates the difference that occurs in the 
light output characteristics when a typical SLD is operated over a 
range of different temperatures. These curves were produced under 
pulsed conditions using a temperature controlled mount, [4]. Rather 
than design and build a temperature controlled mount for the SLDs 
heating effects were kept to a minimum by using fast current pulses 
with low repetition rates to drive the SLDs. The pulses must be 
narrow enough so that the heating effect does not manifest itself 
during the pulse and consecutive pulses must be far enough apart to 
allow any heat generated to dissipate before the next pulse arrives. 
Throughout this project pulse widths in the range of 100-200ns with a 
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Fig(5.1) Variation of the light/current characteristics with 
temperature for a typical SLD.
with those quoted in the literature, [5,6].
5.21 Light/current charactristics.
The most commonly used method for measuring the total light
power emitted from an SLD (or laser) is to place a large area
photodiode very close to the SLD to ensure a very large collection
angle. This however is not practical when using fast current pulses
because large area photodiodes have slow response times. In fact the
BPX65 PIN photodiode used in these experiments has an active area of 
2
only 1mm and hence an alternative method for making these
measurements must be employed. This entails using the lens system
shown in the schematic diagram, fig(5.2). Each item in this diagram
is mounted on precision ’x,y, and z movements’ to allow accurate
positioning and focussing. Such mounts are essential because of the
small size of the light emitting area of the SLD and the
comparitively large distances between the SLD, lenses and detector.
The front facet of the SLD is placed at the focal point of the 45
times magnification and 0.65 numerical aperture (x45 0.65NA)
objective lens, the beam from which is then focussed down onto the
detector by a xlO objective lens. The use of a high numerical
aperture objective for the collection lens ensures a large collection
angle. By this method a larg£ fraction of the optical ouput from the
SLD is detected by the small area, fast response, photodiode. The
solid angle of collection, 4), is given by
<t> » 2.sin” (NA/n) (5.1)
where n is the refractive index of the object space which in this
o
case is air (-1) so that 4) - 81 . Care must be taken to ensure that 
the intensity of light does not cause the photodiode to saturate. 













Fig(5.2) Schematic diagram of the light/current characteristic 
measurement system.
on the detector, and results in the output ’voltage' from the 
photodiode saturating. This can be corrected for by increasing the 
bias to the photodiode or by slightly defocussing the 'point' image 
on the photodiode.
5.22 Spectral distribution.
For the spectral measurements a monochromator (Spex 
Minimate) was placed between the two lenses, fig(5.3). In this case 
the x45 objective lens was used to produce the required image of the 
front facet at the entrance slit of the monochromator and the xlO 
objective to collect and focus the light from the monochromator onto 
the photodiode. The amount of light entering the monochromator was 
maximised by aligning the lateral direction of the SLD's active layer 
with the entrance slit. Before any measurements were made the 
monochromator was calibrated using a helium neon laser which radiates 
'monochromatic' light at a wavelength of 632.8nm. Although the
monochromator has a resolution of lnm it was found to be sufficient
/
to use the 2nm resolution slits since the measurements were carried 
out over a full range of typically 75nm. Even with this coarse 
resolution the light output within individual spectral slots was very 
small compared to the total output power, and particularly so at the 
extremities of the spectrum, to the extent that it was necessary to 
amplify the photodiode's output with a fast response pulse amplifier.
5.23 Far-intensitv 'angular' distribution.
The far-intensity pattern (angular distribution in the 
lateral plane) was measured by a very direct method. For these 
measurements the small area photodiode was used not only as a fast 





Fig{5.3) Schematic diagram of the spectral distribution measurement 
system.
photodiode (1mm x 1mm) was placed at a radial distance of 50mm on an
arm which rotated about the output facet of the SLD. An angular
o
resolution of about 1 was achieved with this arrangement, quite 
sufficient for these measurements. With this arrangement, however, 
the photodiode picks up only a very small fraction of the total 
emitted radiation and it was therefore necessary to improve the 
sensitivity of the detection system. The detection system was 
improved by designing a high frequency transistor amplifier for high 
gain and letting the amplified output be a linear ramp (integrated 
value) over the pulse width. Under these conditions, of course, 
neither the termination at the output of the amplifier nor the pulse 
width can be altered during a set of measurements.
5.3 Comparison of theoretical and experimental SLD characteristics.
The light output characteristics of six SLDs were measured 
and compared with theory. The SLDs all have different stripe contact 
lengths and originate from two different double heterostructure 
wafers. This provided the criteria for indexing them, table(5.1). The 
layer structure of the two wafers are almost identical, table(5.2), 
the only difference being that the aluminium content of the active 
layer of wafer (A) was measured by the device manufacturers and found 
to range between 6-855 across the wafer. No specific measured values 
were available for wafer (B).
The layer structure of the wafers provides the means of 
obtaining some of the necessary constants for the theoretical model. 
A numerical fit to experimental data for the refractive index of 
AlxGa1-xAs is given in [7] as





WAFER WIDTH(pm) LENGTH(pm) LENGTH(pm)
A207 A 28.0 207 171
A234 A 28.0 234 218
A291 A 28.0 291 184
A547 A 28.0 547 209
B180 B 20.8 180 207
B330 B 22.4 330 200(est)
TABLE(5.2)
LAYER COMPOSITION THICKNESS DOPANT(TYPE AND REFRACTIVE
(pm) DENSITY (cm"3) INDEX
contact p GaAs 1.6 1.0 x 1019Ge
passive P Ga0_7Al0 aAs 1.4 8.0 x 10l7Ge 3.38
active p Ga0>,5Al095A3 0.3 4.0 x 1017Si 3.55
passive ^ ®a. 3As 3.0
17
4.0 x 10 Te 3.38
buffer n GaAs 2.0
17
4.0 x 10 Te
substrate n GaAs - 1.2 x 1018Si
and gives the refractive indices of the active, r\x, and passive, 
n2# layers as 3.55 and 3.38 respectively, table(5.2). When these 
values for n1# and n2 are inserted into equations (4.56 and 4.60} 
together with the active layer thickness, d - 0.3, they lead to an 
average value for the confinement factor, T « 0.74, for the
fundamental mode. It should be noted that an average value is used as
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no distinction is made between the TE and TM modes in this 
comparison.
Other parameters relating to the spontaneous and stimulated
emission distributions are not so easily obtained because material
properties vary from one semiconductor (DH) wafer to another and
indeed, even across the same wafer. It seemed practical, therefore,
to designate one of our devices as the 'master SLD' and to use it to
detemine accurate values for the necessary semiconductor parameters.
This was achieved by altering, within acceptable ranges, the
radiative recombination constant, B , the band tailing parameters ,
P c
and the bandgap energy, E^, to obtain the best possible match between 
the theoretically computed light output characteristics and the 
experimental results for that particular device. It should be noted 
that Br and nc primarily alter the amplitude and the spectral width, 
repectively, of the spontaneous emission and stimulated gain, whereas 
small changes in E^ essentially shifts the whole spectral 
distribution. When the ’best match' is obtained for the 'master SLD’ 
the same values for B^ and nc are used in computing the light output 
characteristics of the remaining SLDs. The only parameters that 
remain are the stripe dimensions which vary from one device to
another and the band gap energy, E^. Small variations in the band gap
energy are acceptable on the basis of the device manufacturer’s
measurement of the aluminium content of wafer (A) which, as mentioned 
above, ranges between 6-8*. If these values for the aluminium
content of the active layer are substituted into the expression for 
Eg given in [7] for Al^Ga^As at 300K as
E - 1.424 + 1.247.x : 0.00 < x < 0.45
9 2 (5.3)
E - 1.424 + 1.247.x + 1.147.(x -0.45} : 0.45 < x < 1.00
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a range of about 25meV is expected across the wafer. This range in E^
is considerably larger than the variation in E^ that is required to
match the theoretical and experimental spectral characteristics for
all the devices from wafer (A).
Following the above arguments the SLD A291 was chosen as
the 'master SLD'. The best match between theory and experiment was
-10 a -1
obtained with B - 1.0 x 10 cm s , n - 0.024eV, and E„ - 1.45eV, r e g
which results in the spontaneous emission and stimulated gain curves 
shown in fig (5.4). With these values thus established and taking a 
value of unity for the recombination efficiency, the far-intensity 
distribution is predicted by the model for a given stripe contact 
width and length. A complete list of all the parameters used in the 




front facet reflectivity 0.3
Rb
back facet reflectivity 0.0
Br bimolecular recombination constant
-10 3 -1 
1 x 10 cm s
Fcc free carrier absorption constant
-16 2 





band gap energy 1.45eV
r confinement factor 0.74
Pi active layer doping density
17 -3
4 x 10 cm
p2 cladding layer doping density
17 -3
4 x 10 cm
active layer refractive index 3.55
"2 cladding layer refractive index 3.38
5.8
0.88 0.86
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Fig(5.4) Local gain, g, (top) and spontaneous emission rate, RSp0n»
(bottom) v energy for various values of inversion population.
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B - 1.0x10 cm s and n « 0.6 eV. r c
5.31 Light/current characteristics.
Theoretical results for the light/current characteristics 
of the remaining SLDs were obtained using the same parameters in the 
model as were used for the 'master SLD'. Note that, althougth small 
changes in the bandgap are necessary to superimpose the theoretical 
and experimental spectra the effect of those changes on the 
light/current characteristics is negligible. The comparison between 
theoretical and experimental results for all six SLDs are shown in 
figs (5.5-5.7), the solid and dashed curves representing theoretical 
calculations and the symbols indicating experimental measurements. In 
these graphs the output power is normalised to mW/20p stripe width 
and current density is used rather than current. This permits the 
increase in optical output that occurs with device length to be seen 
more easily. It can be seen from these graphs that three SLDs, A547, 
B330 and the 'master SLD*, A291 show good agreement between theory 
and experiment, over a large range of current densities, while the 
remaining three devices, A207, A234, and B180 do not. This is not
suprising given the accuracy and uniformity to which the double- 
heterojunction wafers, that devices such as SLDs and lasers are made 
from, can be manufactured. Other factors such as degradation and bad 
contacting also produce variability in the quality of devices. It is 
possible, however to obtain a reasonably good match between theory 
and experiment for SLDs A207 and B180 by altering the radiative 
recombination efficiency. Defects in the semiconductor causing non- 
radiative recombination sites would be the primary reason for having 
fractional values for the radiative recombination efficiency. The 
dashed curves in figs (5.5) and (5.7) show the results of 
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Fig(5.5) Comparison of theoretical and experimental light/current 
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Fig(5.6) Comparison of theoretical and experimental light/current 















Current density ( xlO A cm )
Fig(5.7) Comparison of theoretical and experimental light/current 
characteristics for SLDs B180 and B330.
efficiencies of 0.82 and 0.88 respectively. In the case of SLD A234, 
although an improved match is obtained if the recombination 
efficiency is reduced from 1.0 to 0.91, fig(5.6) the slopes of the 
curves have somewhat different trends. This would seem to indicate 
that some factor(s) other than just the recombination efficiency must 
be accounted for if a more satisfactory match between theory and 
experiment is to be obtained for this particular SLD. It is pertinent 
to point out that the far-intensity pattern observed for this SLD, 
fig(5.8) has a pronounced uncharacteristic double peak, at all 
current densities. This anomolous result could indicate facet damage 
explaining the difficulty in matching theory and experiment by 
altering the radiative recombination efficiency for this SLD.
5.32 Spectral distributions.
The theoretical and experimental spectral distributions for 
the SLD A291 are shown in fig(5.9). The agreement between the two 
sets of results are quite good but cannot be made perfect. The 
tendency is for the peak of the theoretical curves (solid lines) to 
move to higher energies at a faster rate than the peak of the 
experimental spectra (symbols). It is, however, believed to be the 
first time that such good agreement has been achieved over such a 
wide range of wavelengths and current densities.
The true test of the model is, of course, not it’s ability 
to match the spectral characteristics of SLD A291, which was used to 
obtain the material parameters for the theoretical model, but it's 
ability to obtain agreement with the experimental results for the 
remaining SLDs. As mentioned in section(5.3) it was necessary to 
alter Eg in the model by small amounts to superimpose the theoretical 
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Fig(5.8) Experimental far intensity angular distribution for SLD A234 
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Fig{5.9 ) Comparison of the theoretical and experimental spectral
distribution for SLD A291. Different curves correspond
to different current densities.
change in Eg needed to do this is different for each device, 
table(5.4). The SLDs A547, A234 and A207 all required small changes
in Eg to superimpose the theoretical and experimental curves, all 
well within the 25meV limit that a 6-8% variation in the aluminium 
content of the active layer would allow. The agreement between theory 
and experiment is remarkably good over a wide range of wavelengths 
and current densities. A typical example of the quality of the 
agreement between experiment and theory is shown in fig(5.10) for SLD 
A547. These devices all come from the same wafer as the ’master' SLD, 
A291.
TABLE(5.4)






Devices from wafer B, however, needed larger changes in the 
bandgap energy to attain a match between theoretical and experimental 
results for SLDs B330 and B180, table(5.4). The theoretical spectra
are also narrower than the experimental results for both of these 
SLDs. This is clearly shown in fig (5.11) for SLD B330. The 
descrepencies are primarily at the longer wavelengths suggesting that 
the semiconductor materials for the two wafers might have different 
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Fig(5.10) Comparison of the theoretical and experimental spectral
distribution for SLD A547. Different curves correspond
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Fig(5.11) Comparison of the theoretical and experimental spectral
distribution for SLD B330. Different curves correspond
to different current densities.
must be different because the change in Eg needed to superimpose the 
theoretical and experimental spectra were much larger for wafer B 
than for wafer A. An attempt to obtain an improved spectral match by 
changing only the bandtailing parameter proved unsucessful because 
the light/current characteristic also changed. It is suggested that 
to obtain reasonable results for these SLDs the size and shape of the 
gain and spontaneous emission distributions would have to be tailored 
to suit one of the two devices from that wafer by altering both the 
recombination coefficient and the bandailing parameter. This exercise 
was not attempted because only one SLD would be available for 
comparison after empirically matching the spectral characteristics of 
the other device to obtain the material parameters.
5.33 Far-intensitv distribution.
Theoretical far-intensity distributions are automatically 
generated by the SLD model as a result of the one-dimensional form 
obtained for the photon conservation equations. Two examples of how 
the computed and the experimentally measured far-intensity
distributions compare are shown in figs (5.12) and (5.13), for SLDs 
A291 and A207 respectively. It is found that the theoretical results 
always predict a narrower far-intensity distribution than is obtained 
experimentally but the slopes of the curves are very nearly the same 
in the range of angles 0 < 0 < 0^, (0^ - tan (w/L)). This is a
consequence of the ’hard-edge’ model. It can be shown that the 
theoretical far-intensity distribution has a linear dependence on 0, 
(to a very good approximation), for 0 < 0 < 0^ , Appendix (A2). It is 
for this reason that the computed far-field intensity distributions
are discontinuous at 0 - 0 and the characteristic triangular shaped
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Fig(5.12) Comparison of theoretical and experimental far field angular
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Fig(5.13) Comparison of theoretical and experimental far field angular
distributions for SLD A207. Different curves correspond to
different current densities.
current densities where the inversion population varies considerably 
along the length of the SLD. It has been shown by Kambayashi and 
Sarma, [8] that a ’rounded top’ rather than a triangular peaked 
angular distribution is obtained if, in fact, the inversion 
population is taken to have a continuous distribution along the 
direction of the stripe width. In their calculations a gaussian form 
for the inversion population and a parabolic form for the local gain 
were used in the lateral direction. Longitudinal variation of the 
inversion population was not included in their work. Consequently to 
match their results with the experimental far-field intensity 
distributions presented here they had to use a rather complicated 
current dependency for the coefficients governing the parabolic gain 
variation across the width of the SLD.
5.4 Concluding Remarks
A comparison between theoretical results, obtained from the 
SLD model described in chapter!4}, and experimental measurements made 
on a number of SLDs has been carried out. Good agreement between 
theoretical and experimental light/current characteristics was 
obtained for three out of six SLDs. This agreement extended over a 
large range of current densities. The fact that good agreement could 
not be obtained for all of the SLDs was not unexpected, since the 
characteristics of semiconductor devices, like SLDs, can vary 
considerably. There are many reasons for this, nearly all to do with 
the quality and consistency of double heterostructure material. Other 
factors such as bad contacting and degradation can also alter device 
characteristics. Agreement between experiment and theory was obtained 
for the light/current characteristics of two of the remaining three 
SLDs by altering the radiative recombination efficiency in the model.
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Altering the radiative recombination efficiency effectively takes 
into account defects in the material that cause non-radiative 
recombination.
The use of realistic local gain and spontaneous emission 
curves in the theoretical model has been shown to be justified by the 
very good agreement obtained between the theoretical and experimenal 
spectral results for all of the SLDs from wafer(A). Such good 
agreement, over a very wide range of wavelengths and current
densities, has not previously been reported. It must, however, be
mentioned that the same good agreement between experimental and 
theoretical spectra was not forthcoming for the two SLDs from 
wafer(B). This is not surprising since semiconductor material 
parameters vary considerably from wafer to wafer, and even across the 
same wafer. Although the theory has only been compared with 
experimental data for six SLDs from two different wafers it does 
appear that the model can be successfully used to predict fairly 
accurate characteristics of SLDs providing the material parameters 
used in the model have been obtained by matching light/current and 
spectral characterics for a device from the same wafer.
The far-intensity distributions produced by the one­
dimensional formulation of the photon conservation equations in the 
SLD model show adequate agreement with experimentally measured 
results. The theoretical results are narrower and have a triangular 
peak. These discrepancies occur because in the model rigid boundary 
conditions in the lateral direction, have been used; namely the
assumption of constant inversion population and local gain 
distributions in that direction. It is however a much more 
complicated problem to include a lateral variation of the inversion 
population while maintaining its longitudinal dependency and the
5.14
simpicity of the one-dimensional formulation in the model is
attractive. The increase in the accuracy of predicting the far- 
intensity distribution that would be achieved by using a two 
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CHAPTER 6
THEORETICAL CHARACTERISTICS OF SLDS
6.1 Introduction.
In the previous chapter a comparison of theoretical and 
experimental light/current characteristics, spectral and far- 
intensity ’angular’ distributions was carried out for a number of 
SLDs. In making these comparisons little or no mention of the 
internal workings of the SLD were made. It is the purpose of this 
chapter to describe and to explain in detail the SLD’s 
characteristics. This is done with the help of the SLD model, 
developed in chapter 4, which allows the growth and/or decay of the 
forward and reverse travelling photon fluxes to be traced throughout 
the length of the SLD. Wherever possible simple analytic solutions 
which exist for the photon conservation equations are used to 
clarify the discussion. In the description of the spectral 
distribution of the SLD the wavelength dependence of gain saturation 
receives special attention. The interest in this property stems from 
realising in optical amplifiers the possibility of altering one 
optical signal using another signal at a different wavelength. Opto- 
optic modulators and oscillators, [1], and an optical analogue of the 
transistor, [2], based on this principle have been postulated. 
Methods of improving the output power available from SLDs are also 
discussed together with the advantages and disadvantages they have on 
the other characteristics. All the results presented in this chapter 
are theoretical; however, their credibility is enhanced by the use of 
the same parameters that were used successfuly to match the 
experimental characteristics of a number of SLDs in chapter 5.
The light/current characteristics of the SLD are discussed 
first in section (6.2). This is followed by a description of the 
SLD’s spectral distribution in section (6.3). This section includes a 
detailed description of the wavelength dependence of gain saturation. 
The far-intensity angular distribution is described in section (6.4) 
before moving on to discuss ways and means of increasing the light 
output power of SLDs in section (6.5). Some concluding remarks are 
made in section (6.6).
6.2 Light/current characteristics.
The light/current characteristics of a typical SLD consist 
of three well defined regions, fig(6.1):
a) a linear region at low current densities,
b) an exponential region at moderate current densities,
c) a further linear region at high current densities.
Regions (a) and (b) can be adequately described using simplified 
versions of the photon and charge conservation equations 
corresponding to equations(4.16), (4.17) and (4.28) respectively,!.e.
6Pi - G(N).P, + 6.R (N) (6.1)  ' 1 f spon' 1 ' '
6z
6Pb - - G(N).P. - 6.R (N) (6.2)  ' 1 b spon' 1 1 '
6z
JL - G(N).(P + P ) +  R (H) (6.3)
qd
In these equations the angular, wavelength and polarisation 
dependencies of equations(4.16), (4.17) and (4.28) are not included















Current density (xlO A cm }
Fig(6.1) Theoretical light current characteristic of SLD A291.
(6.2) if the photon densities, and are small enough so as not 
to alter the inversion population significantly, e.g.
P,(L) = 6.Rf spon(N).(exp(G(N).L) - 1) (6.4)
G(N)
This is a good approximation for the current densities in regions (a) 
and (b) of the light/current characteristic, fig(6.1), where the 
inversion population is approximately constant along the length of 
the SLD, seen quite clearly in fig(6.2). The different curves in 
fig(6.2) correspond to different. At low current densities where the 
modal gain, G, is very small the exponential term in equation(6.4) 
can be expanded to give
In equation(6.5) G(N) cancels and the photon density depends only on
the spontaneous emission. It is also evident from equation (6.3),
that the spontaneous emission rate is approximately proportional to
the current density when the gain term is small. Hence the output
power increases linearly with current density, region (a) in 
fig(6.1). At moderate current densities the gain term in eguation 
(6.4) is positive and dominates the spontaneous emission term so that 
the output power shows an exponential growth with current density, 
region (b) in fig(6.1). The second linear region of the light/current 
characteristic, region (c) in fig(6.1), cannot be described by these 
simplified equations because the inversion population is not constant 
along the length of the device, fig(6.2). This linear region of the 
light/current characteristic is attributed to gain saturation. The 
photon density becomes so large that it depletes the carrier density
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Fig(6.2} Variation of the inversion population in SLD A291 with z.
which, in turn, reduces the growth of and P^.
The photon distribution within the SLD varies considerably 
with current density. The photon distributions with length 
corresponding to a typical current density within regions (a), (b)
and (c) of the light/current characteristic, fig{6.1), are shown in 
figs(6.3-6.5} respectively. The growth of the forward travelling 
photon flux at current densities corresponding to regions (a) and (b) 
in fig(6.1} are explicitly given by equation(6.4). At a very low 
current density, fig(6.3), it can be seen that both P^ and P^ grow 
quickly with length at first and then saturate. The reason for this 
behaviour can be understood by substituting a negative value for the 
gain, G(N), in equation(6.4). The photon distribution within the SLD 
at a current density within region (b) of fig(6.1) is quite 
different, both P^ and Pb grow exponentially. Note that the value of 
Pb is much larger at z-0 than P^ is at z«L. This is a natural 
consequence of the boundary conditions of the SLD. The front facet 
reflectivity, R^-0.3 at z-L, provides an initial value for P^ at z-L 
whereas the boundary condition, R^-O.O at z-0, does not, i.e. P^-0.0 
at z-0. The photon distribution within the SLD at a high current 
density, corresponding to region (c ) in fig(6.1), becomes very 
assymetric, fig(5.5). P^ attains a very large value as it approaches 
z-0, so large in fact that it significantly depletes the carriers in 
the rear of the SLD, fig(6.2). The gain is of course also reduced in 
this region because it is a function of the inversion population. 
This not only affects the spatial growth rate of P^ but also the 
growth rate of P^ so that the increase in output power at high 
current densities is reduced from the exponential increase seen in 






























Fig(6.3) Variation of the photon densities and P^ with z


































































Fig(6.5) Variation of the photon densities and P^ with 2
in SLD A291,(J - 5.52xl03A cm”2).
6.3 Spectral Distribution.
The spectral distribution of an SLD varies considerably 
with both current density and stripe length. Consider first how the 
SLD’s spectrum changes with current density, fig(6.6). At low current 
densities the spectrum is very broad, however it quickly narrows as 
the current density is increased before reaching an almost constant 
width. Coupled with the spectral narrowing with current density is a 
movement in the spectral peak from low energy (long wavelength) to 
high energy (short wavelength). The initial fast movement and
narrowing of the SLD’s spectrum that occurs at low current densities 
is attributed to bandfilling. At such low current densities the
inversion population increases quickly with current density because 
the transitions are predominately spontaneous rather than stimulated, 
fig(6.2). The saturation of the spectral width and the movement of 
the peak wavelenth at high current densities occurs because of gain 
saturation. Stimulated emission is dominant at high current densities 
eating up carriers in the process. This reduces the rate of increase 
of the inversion population with current density and in fact the 
inversion population dips considerably towards the rear of the
stripe contact, fig{6.2).
An alternative, and perhaps more effective way of
displaying the spectral narrowing that occurs in SLDs is to plot the
spectral width at half maximum power against current density, 
fig(6.7). The different curves correspond to various stripe contact 
lengths. The most striking thing about this graph is the way in 
which the minimum spectral width narrows as the SLD’s stripe contact 
length is increased. A further feature of fig(6.7) occurs at very 
high current densities where the spectrum can be seen to broaden 
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Fig(6.7) Variation of the SLD’s spectral width, at half maximum power, 
with current density for various stripe contact lengths.
of our SLDs, however the experimental results of Boeck and Amann, 
[3], do show this trend. Our failure to observe this experimentally 
is believed to be because our SLDs have relatively short absorbing 
regions ( = 200p), table(5.2) which prevents the use of the high
current densities necessary to observe this effect. The reason for 
this spectral broadening can be understood by studying the inversion 
population curves in fig(6.2). At very high current densities the
inversion population under the rear half of the SLD’s stripe contact
is essentially ’locked’ at one level while still increasing with 
current density under the front half of the stripe. This means that 
the gain curves are becoming broader in the front of the device and 
also still moving to slightly lower wavelengths while remaining 
approximately constant in the rear of the SLD; consequently the 
spectrum broadens.
The movement of the spectral peak can also be plotted as a 
function of current density for various device lengths, fig(6.8). It 
can be seen that the movement of the spectral peak also tends to 
saturate but not nearly so much as the spectral width curves. These 
results, which have been shown to agree with experimental 
measurements in chapter(5), differ from the experimental results of 
Boeck and Amann, [3]. Their results show a much more pronounced 
saturation, with the peaks of at least some of their SLDs moving 
towards longer wavelengths at high current densities. The movement of 
the spectral peak to long wavelengths with current density has been 
shown theoretically by Goebel et al, [4]. Their model, however, 
assumed a constant inversion population along the length of the
pumped region which is unrealistic at high current densities. No
experimental evidence was shown to substantiate the theoretical 
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Fig(6.8) Movement of the SLD’s spectral peak with current density 







density. They did, however, show both theoretically and 
experimentally that the spectral peak moves to long wavelengths with 
increasing length at a constant current density. The movement of the 
spectral peak to long wavelengths was attributed to the wavelength 
dependence of gain saturation, see section(6.31). The reason why the 
saturation of the peak movement in our model is not so pronounced as 
that shown by Boeck and Amann probably stems from material 
differences. Remember that the gain curves used in this model have 
been specifically tailored to suit the SLDs measured in this project. 
If the local gain increases more quickly with inversion population, 
as would be the case if the bimolecular recombination rate was 
larger, saturation of the spectral peak movement would occur earlier 
and be more prominent.
6.31 Wavelength dependent saturation in SLDs.
The spectral behaviour of the SLD with length is shown in 
figs(6.9) and (6.10). These two graphs correspond to two different 
current densities one low, fig(6.9) and the other high, fig(6.10). 
Note that the spectral peak moves in the opposite direction with 
increasing length to that which it does with increasing current 
density, i.e from high energy (short wavelength) to low energy (long 
wavelength). A comparison of figs(6.9) and (6.10) shows that the 
spectrum is narrower and shifts by increasing amounts with length at 
a high current density than it does for a low current density. 
However, the most striking feature is observed from fig (6.10) where 
the spectral curves for the longer device lengths actually cross 
those of shorter device lengths at the high energy (low wavelength) 
side of the spectrum. This is a clear indication of the wavelength 
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Fig(6.9) Spectral variation of the SLD shown as a function of
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Fig(6.10) Spectral variation of the SLD shown as a function of
3 -2
length. Current density - 5.36x10 A cm
the photon density at one wavelength causes the photon density at a 
different wavelength to saturate, [4,5]. This property has been 
described analytically, for a device similar in structure to the SLD, 
by Sarma, [5], who studied the single pass semiconductor amplifier. 
Consider two monochromatic signals that are large enough so that they 
alone affect the inversion population inside of the device. It is 
then possible to write the photon and charge conservation equations 
in the form
It can be seen from equation (6.9) that the growth or decay of P f ^ )  
is dependent on P^(X2). Saturation occurs when 6P^[X1 ) « 0 and
6z
Pf(X2) must of course be positive to have any physical meaning and 
from equation!6.8) the numerator of equation(6.10) is also positive, 
therefore G(X2) must also be positive for saturation to occur. In
dP^X,) - GINAJ.P^X,) + (6.6)
6z
<SPf(X2) - G(N,X2).Pf(X2) + 6.Rspon(N,X2) (6.7)
6z
qd
J - 6(H,X1).Pf(X1) ♦ G(N,Xf).Pf(X2) ♦ J Rspon(H,X) (6.8)
Equations (6.6) and (6.8) can be combined to give
«Pf(Xx) - _J - G(N,X2).Pf(X2) + £ Rspon(N,X) ♦
6z qd (6.9)




addition to this, it can be seen from equation (6.7) that 
G(N,X1) ,P^ (Xx ) < d.RsponlNA! ) i.e. G(Xl) must be negative. This
means that saturation only occurs at the high energy side of the
spectrum where the gain curves become negative (see fig(5.6) in 
chapter(5)). A fact that is confirmed by the results shown in 
fig(6.10).
An alternative way of displaying the wavelength dependent 
saturation that occurs with length is to plot the variation of the 
photon density with length for different wavelengths, figs(6.11) and 
(6.12). The behaviour of the photon densities distribution with 
length at the two extremes of the spectrum show a stark contrast,* 
saturation only occuring at short wavelengths (high energies), 
fig(6.12). The saturation that occurs is also quite clearly in the 
rear half of the device, fig(6.12), and shows up more dramatically in 
the reverse travelling photon flux. This behaviour is, of course, 
expected because it is in the rear part of the device that the
inversion population is depleted most, fig(6.2). The carriers are
depleted in the rear part of the device because the reverse 
travelling photon flux at central wavelengths, where the photon 
density is largest, is much larger than the forward travelling flux, 
fig(6.11). The curves in fig(6.12) for the shortest wavelenth show 
the forward travelling photon flux first saturating near z-0 because 
the gain is negative and then growing before eventually showing signs 
of saturation again at z«L.
Although it is possible to show analytically that 
wavelength dependent saturation occurs with increasing length it is 
more complicated to show analytically whether or not saturation will 
occur with increasing current density. It is conceivable that this 
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Fig(6.11) Variation of the photon density within an SLD at two 
different wavelengths, X - 0.8521|j or E - 1.455 (top) 
and g - 0.8282p or E ■ 1.497 (bottom). Current 
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inversion population curves for very high current densities do 
actually cross in that part of the device, fig(6.2). This does in 
fact prove to be the case as fig(6.13) confirms. This graph shows the 
photon distribution with length at a very short wavelenth for two 
different current densities. It can be seen that the reverse
travelling flux for the lower of the two current densities (dashed
curve) does have a larger value at z-0 than its higher current 
density counter part, (solid curve). The difference between their two \ 
values is however very small and does not manifest itself
significantly at the front of the SLD.
6.4 Far-intensity distribution.
The theoretical far-intensity distribution in the lateral 
direction has an unphysical triangular shape, fig(6.14). It is
therefore worth reiterating some of the comments made in section(5.5) 
of the previous chapter: 1) The triangular nature of the peak stems
from the use of a lateral gain distribution having an abrupt change 
from G - G(N) underneath the stripe contact to G - -® outside this 
region. 2) The missing rounded top tends to make the theoretical far- 
intensity distribution narrower than the corresponding experimental 
measurements. The fact that the theoretical results are narrower than 
the experimental measurements means that the theoretical results set 
an upper-limit for the performance of actual devices that may never 
be achieved in practice. It is however felt that the difference is 
sufficiently small to make the theoretical results useful.
It can be seen from fig(6.14) that the far-intensity
angular distribution behaves similarly to the spectral distribution, 
starting off very broad at low current densities and narrowing 

























Fig(6.13) Variation of the photon density within an SLD at two
3 — 2
different current densities, J - 5.52x10 A cm (solid
3 -2
curves) and J - 4.91x10 A cm (dashed curves).


































Fig(6.14) Theoretical far-field 'angular* distribution for SLD A291.
high current densities. This behaviour is much more visible if the 
width of the distribution measured at half maximum power is plotted 
against current density, fig{6.15). The different curves correspond 
to various stripe contact lengths. It is quite clear from this graph 
that the stripe contact length has a marked effect on the minimum 
far-intensity width that a particular device can attain. These 
results have implications not only on the coupling efficiency to 
optical fibres but also on the noise properties of optical 
amplifiers, [6].
6.5 Improving SLD characteristics.
The most obvious way of increasing the light output from an 
SLD is to increase the length of the stripe contact, fig(6.16). This 
is not only advantageous in increasing the light output for a given 
current density but also because the spectral width and the far- 
intensity angular distributions also narrow. There is, however, the 
drawback of having to increase the drive current significantly to 
maintain the same current density. Other methods of inceasing the 
output power are available. Increasing the width of the SLD will 
increase the output power but .has a detrimental affect on the angular 
distribution and requires higher drive currents. Reducing the active 
layer thickness also increases the output power even though the 
actual optical confinement to the active layer is reduced, fig(6.17). 
No extra drive current is needed but the width of both the spectral 
and far-intensity angular distributions are increased, a rather 
undesirable effect. This occurs because the inversion population 
inside the SLD increases making the local gain larger and spectrally 
broader. The modal gain is, of course, also affected by the reduction 
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Fig(6.15) Variation of the beamwidth of an SLD, measured at half 
maximum power, with current density. The different 




















Fig(6.16) Variation of the output power of an SLD with current 




















Fig{6.17) Variation of the output power of SLD A291 with 
current density shown as a function of active 
layer thickness, d.
has a peak value almost the same as before the active layer was 
reduced but which is spectrally broader.
An alternative method of increasing the efficiency of an 
SLD entails reducing the reflectivity of the front facet of an
ordinary SLD with an anti-refection coating. This makes the device 
almost symmetrical in structure thereby reducing the amount of gain 
saturation that occurs towards the rear of the SLD. A comparison of 
the output power of an SLD with and without an anti-reflection
coating is shown in fig(6.18). At low current densities there is
little difference between the output powers of the coated and
uncoated devices. However, at high current densities the output power 
of the coated SLD is increased by as much as four times compared to 
the casually expected increase of 1.4 due to the change in
transmittivity of the front facet. A comparison of the carrier
density variation with length with and without an anti-reflection 
coating, fig{6.19) and fig(6.2) respectively, confirms that the 
increase in the output power arises from the reduction in gain 
saturation towards the rear of the SLD. This method of increasing the 
ouput power of SLDs was first reported by Amann and Boeck, [6], who
demonstrated a factor of four increase in output power
experimentally. The spectral and far-intensity ’angular’ 
distributions both narrow , when the output power is increased in 
this manner, however the change in their widths, at half maximum 
power, is very small and this probably explains the failure of Boeck 
and Amann to observe any Change experimentally, [?]• This method of 
increasing the output power is by far the best as no extra drive 
current is necessary and no detrimental effects occur in the spectral 
and far-intensity distributions. It is also possible to combine this 
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Fig(6.18) Comparison of the output power of an SLD with and 
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Fig{6.19) Variation of the inversion population with length of SLD 
A291 with an antireflection coating, « 0.01.
in output power.
The photon distribution along the length of an SLD at high 
current densities shows a very asymetric distribution, fig(6.5). This 
means that there is a potentially high output power source available 
at z - 0 if the power can be extracted rather than being absorbed in 
the unstriped region of the SLD. The simplest method of obtaining 
this power would be to produce an SLD by reducing the reflectivity of 
one facet of a conventional stripe contact laser diode with an anti­
reflection coating. It is however impossible to obtain much power 
from such a device with present day technology. The best anti­
reflection coating quoted to date, is of the order of 0.01X, [8].
SLDs have been made by this method using anti-reflection coatings of 
this quality, [3], but the maximum output power achieved, before 
oscillations occurred was less than that obtained from a conventional 
SLD. An alternative method of reducing the reflectivity could be used 
such as positioning the stripe contact at an angle to the facet, 
[10]. This method is also somewhat impractical because the far- 
intensity angular distributions produced by such structures are very 
lop-sided making coupling to optical fibres or other optical devices 
difficult and extremely inefficient. Methods of overcoming this 
problem remain a particular challenge.
6.6 Concluding remarks.
The SLD model, developed in chapter 4, has been used to 
obtain detailed information about the photon and carrier density 
variation with length inside of the SLD. This information, along with 
some simple analytic approximations, has been used to describe the 
light/current characterisics, spectral and far-intensity 'angular* 
distributions of the SLD. In discussing the spectral distribution the
6.13
wavelength dependence of gain saturation has recieved special 
attention. Saturation of the photon density at one wavelength has 
been shown to occur not only with length but also with current 
density. This behaviour, however, is restricted to reverse travelling 
photons which are absorbed in the unstriped region at the rear of the 
SLD. In addition to describing the SLD’s characteristics, ways of 
increasing the output power have been discussed together with the 
advantages and disadvantages of each method.
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CHAPTER 7
POLARISATION CHARACTERISTICS OF SLDS
7.1 Introduction
It has been demonstrated that SLDs and SLD type structures 
can be used advantageously as light sources for fibre gyroscopes, 
[1,2]. The main advantage of SLDs over lasers when applied to fibre 
gyroscopes is their short coherence length which greatly reduces the 
ammount of Rayleigh backscattering, [2], a severe source of noise in 
fibre gyroscopes. It has also been suggested in [1] that the
relatively unpolarised nature of the SLD’s radiation can be used to
good effect in reducing the polarisation noise in fibre gyroscopes. 
Although the polarisation light/current characteristics of SLDs have 
in the past been measured, [3,4], it seems that no previous model of 
the SLD has attempted to include any polarisation dependency. This 
information is important not only because of the SLD’s application to 
fibre gyroscopes but also because the SLD provides useful information 
about active waveguides and associated structures. In particular the 
SLD gives an indication of the background spontaneous radiation 
(noise) one encounters in travelling wave laser amplifiers. This type 
of amplifier is basically a laser which has had an antireflection
coating applied to both facets, and is in fact identical in structure 
to the Superradiance diode investigated in [2]. In this type of
amplifier it has been demonstrated experimentally, [5], and shown 
theoretically, [6], that the amplification of a TM signal is not that 
much smaller than that for a TE signal. This suggests that the TM 
noise will also be of a comparable size to the TE noise so that 
simply filtering out the TM noise should produce a worthwhile
7.1
improvement in the signal to noise performance of the amplifier.
SLDs have quite different polarisation characteristics 
to double-heterostructure lasers which oscillate preferentialy in TE 
modes, i.e. with the electric field vector parallel to the junction 
plane, fig{7.1), [7], The mode selectivity in lasers has been
attributed to the polarisation dependent reflectivity of the cavity 
facets, [8]. In SLDs however the output is not dependent on 
feedback so that they might be expected to display a slight 
preference for the TM mode because the transmittivity is greater for 
this mode than it is for the TE mode. This, however, does not prove 
to be the case, experimental measurements, [3,4], showing that SLDs 
have a distinct preference for the TE polarisation, which increases 
with current density. Lee et al suggested in [3] that the favouring 
of the TE mode might arise from some property of the gain medium. It 
is known that the confinement factor for the TE mode is slightly 
greater than it is for the TM mode, see chapter!3) , so that the 
gain experienced by the TE mode is greater than that experienced by 
the TM mode. There is, however, a further parameter, the fraction of 
spontaneous emission coupling to the TE and TM modes, which may be at 
least be partly responsible for the observed polarisation behaviour 
of SLDs. The fraction of spontaneous emission coupling to the TE and 
TM modes is not necessarily equal, [9,10]. The SLD model developed in 
chapter!5) includes the facility for investigating the polarisation 
dependency of SLDs. The reflectivity, confinement factor and the 
spontaneous emission are all polarisation dependent parameters in the 
model. The SLD model not only predicts the polarisation dependency of 
the total light output power but also gives it’s spectral variation. 
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Fig(7.1) Polarisation dependent light/current characteristics 
of a typical laser, [7].
7.2 ’Degree of Polarisation1 measurements.
The light emitted by SLDs is partially polarised and is 
often described by a commonly used term, the degree of polarisation, 
DOP. This is defined as
( P T C  -  P T M >
DOP -    —  x 100 % (7.1)
<PTE + PTM>
where PT£ and PTM are the power in the TE and TM modes respectively. 
The factor of 100 simply converts the fraction into a percentage. 
This equation implies that the DOP is 100* when all of the power is 
in the TE modes, -100* when the radiation is totally from TM modes
and zero if the light is unpolarised.
To obtain the degree of polarisation, DOP, of SLDs as a
function of current density it is necessary to measure the
light/current characteristics of both the TE and TM polarisations. 
Once this has been done it is a simple matter to obtain the DOP as 
a function of current density by applying equation(7.1). A Glan- 
Thompson prism polariser was used to make all of the polarisation 
measurements. This was first calibrated by allowing a beam from a 
Helium Neon laser, which is circularly polarised, to pass through the 
polariser onto a sheet of glass inclined at it’s Brewster angle and 
observing the reflection from the glass. When the polariser is 
rotated to the point where the reflected beam from the glass vanishes 
only TE radiation is being transmitted through the polariser and the 
position of the polariser for TE transmission is known. The position 
of the polariser for TM transmission is at right angles to this.
The experimental arrangement for measuring the polarisation 
dependent light/current characteristics is similar to that which has
7.3
been previously described in section!6.3} for the light/current
characteristics with the exception that now a Glan-Thompson
polariser is inserted between the two objective lenses, fig(7.2). In
the first instance a small numerical aperture (NA « 0.17) xlO
objective was used to collect the SLDs rays thus limiting the maximum
o
angle of capture to less than 10 half angle which, because of the
high refractive index of GaAs {*3.5), corresponds to internal rays
o
incident on the front facet at a maximum angle of 3 in the lateral
plane. This precaution was taken to reduce any effect that rays
striking the front facet at an angle in the lateral plane have upon
the transmittivity of the TE and TM polarisations. It can be seen
from fig(7.3) that the plane wave reflectivity for TE and TM waves is
o
approximately equal up to an angle of 5 . When the xlO objective was
replaced by a x45 (NA-0.65) objective there was virtually no change
in the results even though the internal capture angle was increased 
o
to 10 and the plane wave reflectivity for TE and TM waves are no
longer equal at such large angles, fig{7.3). This is not surprising
of course, because the bulk of the power is contained in the on-axis
rays and these dominate the SLD’s properties.
Measurements were made with the polariser positioned to
transmit the TE polarisation power and also with the polariser 
o
rotated by 90 to transmit the TM polarisation power. These
o
measurements were checked by rotating the polariser 90 twice and 
taking further measurements at each position. This precaution is 
necessary because if the polariser is not perfectly perpendicular to 
the incident beam the beam can be deflected from its true path 
leading to a certain degree of experimental error. These errors, 
although not very large, are compounded when the degree of 









Fig(7.2} Schematic diagram of the polarisation dependent 
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Fig{7.3) Plane wave reflectivity of GaAs showing the spliting of the 
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Fig(7.4) Experimental polarisation characteristics of SLD A291 shown 
as a function of current density. The degree of polarisation 















tends to produce a scatter of points in the DOP plot compared to the 
more uniform curves of the TE and TM light/current characteristics.
7.3 Comparison of theory and experiment.
The SLD model described in chapter(4) contains three 
variables, reflectivity, confinement factor and the fraction of 
spontaneous emission entering a mode, that are polarisation
dependent. In chapters (5) and (6) average values for these
parameters were used to obtain results that are independent of 
polarisation. Now, however, it is necessary to include their
polarisation dependent values. Expressions for the TE and TM 
confinement factors have previously been given in chapter!3}, 
equations {3.56 and 3.60) respectively, which for the active layer 
thickness of the measured devices (d - 0.3 ) and the refractive 
indices of the active and passive layers (r^  ■ 3.55 and n 2 • 3.38)
give r__ - 0.76 and r_u - 0.72. The polarisation dependent
11 TM
reflectivities for the fundamental TE and TM modes are shown in 
fig(7.5), [11], as a function of active layer thickness for various
refactive index steps between the active and passive layers. For the 
values of refractive indices and active layer thickness quoted above 
Rte -0.38 and - 0.26. Although the polarisation dependencies of 
the reflectivity and confinement factor are well documented the same 
cannot be said for the fraction of spontaneous emission coupling to 
each mode. The theory for calculating this quantity is extremely 
complicated and its value was therefore determined empirically by 
matching theoretical DOP results with experimental measurements. This 
was done initially for the SLD, A291, designated as the master 
device in chapter!5), by varying the fraction of spontaneous emission 
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Fig(7.5) Reflection coefficient for the fundamental mode as a 
function of active layer thickness for symmetric DH 



























Fig{7.6) Degree of polarisation v current density for SLD A291. The 
solid curves represent theoretical calculations for varying 
fractions of spontaneous emission entering the TE and TM
modes# rTE 0.76 and TTM 0.72. RTE 0.38 and RTM 0.26.
various fractions of spontaneous emission entering each mode together 
with some experimental results for comparison. It can be seen that 
when the fraction of spontaneous emission entering the TE and TM 
modes are equal, i.e. 6JE - 6JM - 0.5, the theoretical DOP is
negative for all current densities indicating that the fraction of 
spontaneous amission entering the TE mode must be greater than that 
entering the TM mode; i.e. <S^ E > 6TM is required if a reasonable 
match with the experimental results is to be obtained. When - 0.6 
and 6tm - 0.4 the theoretical DOP results are too high throughout the 
current density range. Much better results are obtained if 6T£ - 0.55 
and - 0.45, however, the theoretical change in the DOP with
I i*i
current density is less than that in the experimental results. This
suggests that the values used for the TE and TM confinement factors,
the only other polarisation dependent parameter that changes with
current, may be in error. The DOP proved to be fairly sensitive to
any change in the confinement factors as fig(7.7) illustrates. In
this graph the fraction of spontaneous emission entering each mode is
kept constant, 6__ -0.55 and 6TM - 0.45, and the difference in the 
TE I M
confinement factors varied. It was found that with r^E - 0.77 and 
■ 0*71 an improved match was obtained with the experimental
TM
results. Although these values differ from the calculated values the 
difference is not that great for the values to be considered 
unreasonable. The best possible agreement with the experimental 
results was obtained with 6^E - 0.555 and 6TM * 0.445 and r^E - 0.77
and r T - 0.71, fig{7.8).
T M
Having adopted these values for the master SLD theoretical
results were calculated for the remaining SLDs by changing only their 
stripe contact dimensions. The results for the remaining SLDs from 

































Fig{7.7) Degree of polarisation v current density for SLD A291. The
solid curves represent theoretical calculations for various
TE and TM confinement factors. 6__ - 0.55 and - 0.45
TE TM



















Current density {xlO A cm )
Fig(7.8) Degree of polarisation v current density for SLD A291. This 
graph shows the best agreement that was obtained between
experiment and theory. 6__ « 0.555 and <STk. ■ 0.455,
TE TM










Current density {xlO A cm
Fig{7.9) Comparison of the variation of the degree of polarisation
with current density for SLDs A547 (top), A234 (middle) and 
A207 (bottom). Parameters as for fig(7.8).
fig(7.10). It can be clearly seen that all of the SLDs from both 
wafers show very similar trends and the agreement between theory and 
experiment is very good.
A great deal of insight into why the SLD displays the 
observed polarisation characteristics it does can be obtained from a 
much simplified version of the photon conservation equation for the 
forward travelling flux, equation!4.16).
g k  * rk9'N »Pk + 6kRspon<N > <7-2 >
In this equation all the angular and spectral dependencies have been 
removed leaving the suffix ’k ’ to represent the polarisation 
dependencies. Under low injection current conditions the inversion 
population may be taken to be constant along the length and an 
analytic solution of equation!7.2) can be obtained.
Pk (L )  *  6 kRspon( N ) ( e x p ( r kg(N1L} “ l) ( 7 , 3 )
r kg(N)
Pk!L) represents the photon density just inside the output facet and 
this must be multiplied by the transmittivity of the facet to obtain 
the actual output photon density, Pk(out).
Pk(out) - 6kRspon!N)(exp(rkg(N)L) - 1)<1 - Rk) (7.4)
rkg(N)
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Fig{7.10J Comparison of the variation of the degree of polarisation 
with current density for SLDs B180 (top) and B330 (bottom). 
Parameters as for fig(7.8).
(l-RTE)6TE(exp[rTEg(N)L]-l) - (l-RTM)6TM(exp[rTMg(N)L]-l) 
r rTE TMDOP =
(1-RTE)6TE(exp[rTEg(N)L]-l) + (l-RTM)6TH(exp[rTMg(N)L]-l) 
rTE rTM (7.5)
It becomes apparent from this equation that the change in the DOP 
with inversion population, (current density), is entirely governed by 
the difference in the exponential terms, i.e the difference in the TE 
and TM confinement factors. This agrees with the numerical results 
shown in figs(7.6) and (7.7) where changing the fraction of
spontaneous emission coupling into the TE and TM modes did not alter
the change in the DOP with current density but altering the
difference in the TE and TM confinement factors did. Further 
verification of the fact that the change in the DOP with current 
density depends only on the difference in the confinement factors can 
be obtained by calculating the prefactors to the exponential terms in 
equation(7.5) using the values of R, 6 and r that gave the desired 
agreement between theory and experiment for the DOP curves.
(1-R )6 (1-R )6
 IE— 3^  - 0.4613 ---- IJ1— ^  - 0.4614
r rTE TM
The prefactors are almost exactly equal and cancel in equation!7.5) 
to leave only the exponential terms.
Equation!7.5) can be simplified further by considering the 
case where the local gain, g(N), is approximately zero. In this case 
the exponential can be expanded producing




Pk«Out) - 6kRspon(N|L(l - Rk) (7-7) .
so that*the DOP may be written as
DOP - {7.8}
and depends only on the reflectivity and the fraction of spontaneous 
emission entering the TE and TM modes. This, coupled with the 
knowledge that it is only the confinement factor that produces a 
variation of the DOP with current density, suggests that the 
combination of the TE and TM reflectivities and fraction of 
spontaneous emission entering each mode required to give a good match 
between experiment and theory is not unique. This hypothesis proved 
to be correct, a number of combinations giving good agreement between 
theory and experiment. An example is shown in fig(7.11) in which the 
fracion of spontaneous emission is taken to be equal into each mode 
and R__ - 0.305 and - 0.335. These values of reflectivities
T c  K I M
are however somewhat unrealistic because if they were in fact correct 
double heterostructure lasers would lase in the TM mode and not the 
TE mode. This leads to the conclusion that the use in this model of 
the values of reflectivity calculated by Ikegami, [11], RyE * 0.38
and Rtm - 0.26 and the fractions of spontaneous emission entering
TM
each mode 6__ - 0.555 and 6_u - 0.445 are more realistic, fig(7.8).
T c  TM
7.4 Polarisation dependent spectra
In the previous section it has been shown that the 
theoretical model of the SLD produces good agreement with 


















Current density (xlO A cm )
Fig(7.11) Degree of polarisation v current density for SLD A291,
showing that, when the fraction of spontaneous emission
entering the TE and TM modes is equal, the TM reflectivity
must be larger than the TE reflectivity if a good match
between theory and experiment is to be obtained.
The parameters used were 6__ - 0.5 and 6_u - 0.5,
11 TM
rTE - 0.77 and QTM - 0.71, RTE - 0.305 and RJM - 0.335.
dependent parameters are used. The theoretical model also predicts
the TE and TM spectral distributions. These results are automatically
obtained from the model and therefore provide a further means of
testing it. To do this it was necessary to measure the polarisation
dependent spectra of the SLDs.
To measure the TE and TM spectral distributions a
monochromator was inserted between the polariser and the objective
lens that focuses the beam onto the photodetector. Unfortunately it
is not possible to make direct polarisation measurements by simply
o
rotating the polariser by 90 because the optics within the
monochromator is polarisation dependent. This became immediately
obvious when an initial test run was made because the measured TM
power was greater than the TE power throughout the whole spectrum of
the SLD. This contradicts the fact that the total TE power is always
greater than the total TM power. It is therefore necessary to
eliminate the polarisation dependent properties of the monochromator
to obtain a true picture of the TE and TM spectral distributions. The
simplest method of overcoming this problem is to include a half
wavelength retardation plate between the polariser and the
o
monochromater. This allows the beam to be rotated by 90 when the
polariser is positioned for TM transmission so that the
monochromator always recieves a ’TE polarised beam’. Unfortunately a
half wavelength retardation plate was not readily available for this
experiment so an alternative method of achieving the same effect was
o
used. This involved actually rotating the SLD itself by 90 to
..............................................  o ......
effectively turn the polarisation reference also by 90 .
Althougth this method is quite simple in principle, in
o
practice, great care is needed when rotating the SLD by 90 because 
this can alter the ammount of power entering the monochromator. It is
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therefore necessary to ensure that the distance between the 
collection lens, polariser and the monochromator entrance slit are 
kept to a minimum so that when the SLD’s stripe width is 
perpendicular to the entrance slit the image of the SLD falls totally 
within the slit. As an added precaution the width of the 
monochromator’s slits were increased from 0.1mm, used for the 
spectral measurements described in section!5.3), to 0.2mm. This 
reduces the spectral resolution of the monochromator to 5nm which, 
although quite large, is still sufficient for this experiment.
To further reduce any experimental error, introduced by
rotating the SLD, measurements were taken for both the TE and TM
polarisations with the stripe width of the SLD at right angles to the
monochromator’s entrance slit and also with the SLD's stripe width
in the same plane as the monochromator’s entrance slit. By utilisng
these two pairs of measurements a ratio of the TE to TM spectra can
be obtained. When the stripe width of the SLD is perpendicular to the
monochromator’s slit and the polariser is positioned to transmit TE
polarised light the power transmitted through the monochromator can
be designated &•?-]-£ where A is the transmission factor for TE
polarised light. Similarly, when the polariser is positioned to
transmit TM polarised light the power transmitted through the
monochromator can be designated B.P_„ where B is the transmissionTM
0
factor for TM polarised light. When the SLD is rotated by 90 , so 
that it’s stripe width lies in the same plane as the monochromator’s
entrance slit, the polarisation reference plane is also rotated by
■0 .................................................................................
90 ; i.e. when the polariser is positioned to transmit TE polarised
light it actually transmits TM polarised light. This means that the
measured TE polarised light experiences the monochromator’s TM
transmission factor, B, and the transmitted power is b ,pj e *
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Similarly when the polariser is positioned to transmit TM polarised
light it actually transmits TE polarised light so that the measured
TM polarised light experiences the monochromator's TE transmission
factor. A, and the transmitted power is A.P_„. If the two TE
TM
measurements are now summed and the ratio taken with the sum of the 
two TM measurements the monochromator's transmission factors are 
eliminated, i.e.
A.Pje ♦ B.Pte - (A + B).Pte
b -p tm + A -PTM - <b + a '-p tm
(7.9)
This method therefore gives the ratio of TE to TM for the spectral 
distributions of the SLD which is adequate because only relative 
power measurements are possible with this arrangement.
The wavelength scanning mechanism of the monochromator 
was driven with a linear motor which was also used to drive the 
x-direction of an x-y recorder. The output from the photodetector was 
fed via a box-car averager to the y-direction of the x-y recorder 
allowing a hard copy of the spectral distribution to be obtained. It 
was necessary to use the box-car averager to reduce the amount of 
noise because only very small powers are obtained at the two extremes
of the spectrum. From the spectral plots it was possible to obtain
the variation of the DOP with wavelength for a range of current
densities. The errors can be quite large near the two extremes of
the spectra because of the nature of the DOP calculation. Unlike the 
calculation for the total power DOP, which only involves inserting 
measured values into equation!7.1}, this calculation involves first 
summing the two TE and TM measurements with the active layer of the 
SLD in the vertical and horizontal positions, before evaluating 
equation!7.1}. This therefore leads to an increase in the error of
7.12
the measured DOP.
7.5 Comparison of theoretical and experimental polarisation 
dependent spectra.
It has already been mentioned that the theoretical
polarisation dependent spectral distribution of the SLD is
automatically calculated by the SLD model. Figs (7.12) and (7.13)
show an example of how this compares with experimental measurements 
for the SLD, A291. These particular graphs show the TE and TM 
spectral distribution for two different current densities. The 
agreement between experiment and theory is quite good. However, this 
method of displaying the data makes it difficult to spot the fact 
that the TE and TM curves actually cross at the high energy side of 
the spectrum, figs (7.12) and (7.13). A much better and more 
informative way of representing the same picture is to plot the 
variation in the DOP with wavelength, fig(7.14). This figure shows 
the spectral variation in the DOP at the two current densities 
corresponding to figs (7.12) and (7.13) and also at a slightly lower 
current density. The match between theory and experiment is quite 
good at the higher current densities, although not quite so good at 
the lowest current density. There is also a larger discrepency 
towards the high energy side of the spectrum, with the experimental 
DOP becoming more negative than the theoretical calculations predict. 
It is however more important to point out that in all cases both the 
experimental and theoretical DOPs have the same general shape and do 
,in fact, become negative at short wavelengths (high energies) i.e 
the TE and TM spectral curves cross. These features are expected 
because the analytic approximation, equation(7.5), shows that the DOP 
depends entirely on the TE and TM modal gains. Hence the DOP peaks
7.13
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Fig{7.12) Comparison of the theoretical and experimental polarisation
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dependent spectra of SLD A291 at 300mA (J ■ 3.68x10 A cm).
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Fig{7.14) Comparison of the theoretical and experimental variation of
the degree of polarisation with energy for SLD A291. The
three plots correspond to different currents, from top to 
bottom I * 200, 300 and 400 mA {J - 2.45, 3.68 and
4.91 xlO A cm ).
and becomes negative at the same wavelengths as the local gain.
A further example of the variation of the DOP with
wavelength is given in fig(7.15) for the SLD, A547. Again each graph
corresponds to a different current density. In these particular 
figures it is noticable that at high energies the experimental data 
seems to reach a minimum DOP somewhat below the theoretically 
predicted value before rising again. This is also evident to a lesser 
extent in the experimental results for the SLD, A291. Whether or not 
this is a real effect or some systematic error in the experimental 
measurement is not clear. This behaviour occurs at the very extreme 
of the spectrum where power levels are very low indeed thus making 
the possibility of experimental error much more likely.
7.6 Conclusion.
The polarisation characteristics of SLDs have been 
investigated using the model developed in chapter(4). It has been
found that the DOP of an SLD can be matched to a high degree of 
accuracy, for a number of devices, using suitable values for the TE 
and TM confinement factors, reflectivities and the fraction of 
spontaneous emission entering each mode. A simple analytic expression 
for the DOP of an SLD showed that the difference in the TE and TM 
confinement factors dominated the change in the DOP with current 
density. It has also been shown that it is possible to match
experimental and theoretical DOP curves using different combinations 
of the fraction of spontaneous emission coupling to the TE and TM 
modes and TE and TM modal reflectivities. This was demonstrated using 
the SLD model by keeping the fraction of spontaneous emission 
entering each mode equal and varying the modal reflectivities. The 
values for the TE and TM reflectivities necessary to obtain good
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Fig(7.15) Comparison of the theoretical and experimental variation of 
the degree of polarisation with energy for SLD A547. The 
two plots correspond to different currents, top I«300mA 
(J « 1.96x10 A cm ), bottom I - 400mA {J « 2.61x10 A cm ).
agreement between the theoretical and experimental DOP curves were 
however unrealistic, the TE reflectivity being less that the TM 
reflectivity. If these values were in fact correct semiconductor 
lasers would lase in TM modes rather than TE modes. It is therefore 
concluded that the fraction of spontaneous emission entering the TE 
mode is certainly greater than that entering the TM mode. The actual 
values for the fraction of spontaneous emission entering the TE and 
TM modes used successfully to match all of the measured SLDs, with 
modal reflectivities, RT£. - 0.38 and RTM - 0.26 obtained from [11],
* TM
were 6TE « 0.555 and 6 - 0.455 respectively.
The polarisation dependent spectra of a number of SLDs have 
been measured and compared with results obtained from the theoretical 
model. The agreement is quite reasonable, but by no means perfect. 
The discrepency may be due to the presently used method of measuring 
the polarisation dependent spectra and the fact that errors are 
compounded in the DOP calculation. What is more important, however, 
is the fact that both experiment and theory show similar trends. They 
both show that the DOP peaks and goes negative at the same 
wavelengths as the local gain curves. This behaviour is expected from 
the analytic expression for the DOP, equation!7.5), which shows that 
any change in the DOP occurs because of the TE and TM modal gains.
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A comprehensive model of the SLD was described in 
chapter{4). Many new features have been included in this model. They 
include: 1) an approximate method for reducing the two-dimensional
photon and charge conservation equations into a one dimensional form, 
which however, still yeilds the lateral far-intensity distribution;
2) a detailed representation of the wavelength dependency of the 
local gain and the spontaneous emission derived from the basic 
semiconductor band structure, chapter(2); 3) the inclusion of 
polarisation dependent confinement factors, reflectivities and 
seperate coupling factors for each polarised mode. Consequently this 
model is capable of reproducing the light/current characteristics, 
spectral distribution, far-intensity ’angular’ distribution and 
polarisation dependent characteristics of SLDs.
A comparison between theoretical results, obtained from the 
SLD model, and experimental measurements made on a number of SLDs has 
been carried out. Good agreement between the theoretical and 
experimental light/current characteristics, over a large range of 
current densities, was obtained for half of the measured SLDs. 
Considering that the characteristics of semiconductor devices, such 
as SLDs and lasers, vary from device to device, and the limited 
number of SLDs available for measurement, a fifty percent match is 
quite acceptable. Device characteristics vary primarily because of 
the difficulty in growing double-heterostructure material with 
consistent properties, although other factors such as bad contacting
8.1
and degradation are also important. It was also demonstrated that, by 
altering the radiative recombination efficiency for individual SLDs, 
agreement between experiment and theory could be obtained for all but 
one of the measured SLDs. Changing the radiative recombination 
efficiency is acceptable because it compensates for material defects 
which act as non-radiative recombination centres.
The use of realistic local gain and spontaneous emission 
curves in the theoretical model has been shown to be justified by the 
very good agreement obtained between the theoretical and experimental 
spectral distributions for all of the SLDs from one double 
heterostructure wafer. This agreement extended over a very wide range 
of wavelengths and current densities. Such extensive agreement 
between theoretical and experimental spectral distributions has not 
previously been reported. Slight changes in the bandgap were needed 
in the model to match the experimental measurements. This has the 
effect of shifting the whole spectral distribution in energy, without 
altering its shape or size significantly. The justification for 
altering the bandgap in the model is to account for the variation of 
the aluminium content in the active layer. The agreement between 
experiment and theory for SLDs from different wafers was, however, 
not so good. Much larger changes in the bandgap were necessary to 
match the experimental results, and the spectral distributions were 
narrower. These descrepencies are thought to arise from the 
different semiconductor properties displayed by different wafers.
The far-intensity angular distributions produced by the 
one-dimensional formulation of the photon and charge conservation 
equations in the SLD model show adequate agreement with experimental 
measurements. The theoretical angular distributions show a 
characteristic triangular peak and are narrower than the experimental
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distributions. These features arise from the assumption of a
constant inversion population and local gain in the lateral direction 
in the SLD model. It is, however, a much more complicated problem to 
include a lateral variation of the inversion population while 
maintaining the longitudinal dependent formulation. The simplicity of 
the one-dimensional formulation is particularly attractive. The 
increase in the accuracy of predicting the far intensity distribution 
that would be achieved by using a two-dimensional model does not 
warrant the extra computational time that would be needed.
The polarisation characteristics of SLDs have been
investigated extensively and presented in chapter{7). It has been 
found that the degree of polarisation of an SLD can be matched to a 
high degree of accuracy using suitable values for the TE and TM 
confiement factors, reflectivities and fraction of spontaneous 
emission entering each mode in the SLD model. Good agreement between 
experiment and theory was in fact obtained for all of the measured 
SLDs. It has been demonstrated both numerically and analytically that 
the change in the DOP in an SLD is dominated by the difference in the 
TE and TM confinement factors. It has also been shown that the 
fraction of spontaneous emission entering the TE mode is greater than 
that entering the TM mode. In fact, if the values of reflectivity, 
obtained from [1], for the active layer thickness and refractive 
indices of the active and passive layers of the measured SLDs, are 
used in the SLD model the fractions of spontaneous emission entering 
the TE and TM modes needed to obtain a match with experiment are 6TE
= 0.555 and 6TM - 0.455 respectively. This is a substantial
difference and is a pertinent consideration of the noise properties 
of devices like the travelling wave amplifier.
The polarisation dependent spectral distributions of the
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SLDs have also been measured and compared with theoretical results. 
The agreement between theory and experiment was reasonably good 
considering the method that had to be used for measuring the 
polarisation dependent spectra. More importantly, however, both 
theoretical and experimental DOP spectral distributions showed 
similar trends. The maximum value of the DOP for both theoretical and 
experimental spectral distributions coincided with the peak of the 
spectral distribution, and they also went negative at the same 
wavelength. This occured at the short wavelength side of the spectral 
distribution where the local gain goes negative. These results are, 
of course, expected from the analytic expression obtained for the 
DOP, in section (7.3}, which links the change in the DOP to the local 
gain via the TE and TM confinement factors. These results add further 
weight to the fact that the fraction of spontaneous emission coupled 
into the TE mode is greater than that coupled into the TM mode.
The theoretical model has been used to analyse different 
methods for increasing the output power from SLDs. The most effective 
way of increasing the output power is to apply an anti-reflection 
coating to the output facet of the SLD. This has been shown to 
increase the output power of SLDs by a factor of four without any 
increase in drive current. No adverse side effects are produced by 
the antireflection coating. In fact, a slight reduction in the width 
of the spectral and far-intensity distributions was observed. The 
next best method of increasing the output power of SLDs was found to 
be to increase the length of the stripe contact. This has a 
beneficial effect on the spectral and far-intensity widths, both of 
which narrow with increasing length. These benifits, however, are at 
the expense of requiring an increase in the actual drive current 
needed to maintain the same current density.
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The wavelength dependence of gain saturation has also been 
investigated in SLDs. It has been shown both numerically and 
analytically that the photon density at one wavelength can cause the 
photon density at a different wavelength to saturate with increasing 
length. This behaviour shows up more in the reverse travelling photon 
flux than in the forward travelling flux because of the larger value 
of the latter and only occurs at short wavelengths for which the 
local gain can become negative. It has also been shown numerically 
that saturation of the photon density at certain wavelengths occurs 
not only with length but also with current density. This behaviour 
was only found in the rear region of the stripe and occured at very 
short wavelengths where the photon density was extremely small.
8.2 Suggestions for further research.
The SLD model described in this project has already been
developed into a Fabry-Perot amplifier model, [1], by altering the
boundary conditions and including a field representation of the 
signals. Furthermore, with a further modification of the boundary 
conditions the effect of reflection from optical fibres on amplifier 
performance has been investigated, [2]. This demonstrates the ease 
with which a model of an active optical waveguide, such as the SLD, 
can be used to model other devices.
It has been shown that the polarisation dependent
properties of the SLD stem partly from the difference in the TE and
TM confinement factors and also from the fraction of spontaneous 
emission coupling into the TE mode being greater than that coupled 
into the TM mode. The theory for calculating the fraction of 
spontaneous emission coupling into the TE and TM modes is very 
involved, [3,4], but is certainly worthy of further investigation.
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There is also scope for including the polarisation dependent 1 values 
for the fraction of spontaneous emission couped into each mode into 
models of other devices, such as lasers and laser amplifiers. In 
particular these values will affect the noise performance of 
travelling wave amplifier models. The objective of such models is to 
obtain a reduction in the spontaneous emmission, a severe source of 
noise.
The modulation capacity of SLDs has been investigated, both 
experimentally, [5], and theoretically, [6]. The theoretical model, 
[6], however, only considered small signal modulation and did not 
include any spectral or angular dependencies. Developing a fully self 
consistent time dependent model of the SLD would be an obvious 
extension of the existing model. This type of model would be 
particularly useful for studying the self sustained oscillations that 
SLDs display when they are excessively pumped so that the absorbing 
region becomes transparent and lasing occurs. Such a model would, of 
course, have to take into account the optical pumping of the 
absorbing region. The inclusion of an absorbing region in the model 
opens a further avenue for research because devices with passive 
region have been shown to display bistability.
The SLD model could also be extended to take into account a 
non-uniform current density distribution along the length of the SLD. 
This could prove useful in enhancing the wavelength dependency of 
gain saturation by providing a larger gradient in the inversion 
population. This type of behaviour is of great interest in active 
integrated optics where many devices rely on a small change in one 
signal producing a large change in another, [7,8].
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The symmetry of the SLD structure is such that a similar 
analysis can be applied to rays directed in both the ’+0’ and '-0* 
directions. This can be shown to be true by representing the 
symmetry of the photon density about x - w/2. Let s - x - w/2 and 
pfk(0,X,z,x) = pJk(0,X,z,s) , p r k ( 0 , \ , z , x )  = p^k(0,X,z,s). The
symmetry can then be described by the relations
p,.(0,X,z,s) - p’ (,0,X,z,-s)
(Al.l)
Ppk(0*X,z,s} - p^k(_0,X,z,-s)
Following the same argument as was used to define the average photon 
density for 0 A 0 rays, equation (4.10), the corresponding definition 
for 0 4 0 rays is
w w/2
J dx P fJ . 6 A » Z / X )  ■ 1/w / 
ge(z) g0(z)-w/2
Pfk(-0,X,z) - 1/w / dx pfk(«0,X,z,x) - 1/w / ds p£k(,0,X,z,x)
(A1.2
where g0(z) - (L-z)tan|0|. Next let s' - -s so that





. 1 /u r T\
2 fi( )
1/w / ds pI. (—0,X,z,x
-w/2
Using the symmetry relation (Al.l) and noting that h0(z) - w - g0(z), 
fig(Al.l), equation (A1.3) may be rewritten as
w/2-g0(z)
'w / ds p' (0,X,z,s’. Pf|<(-0,X,z) - 1/ ~ Jk ) (A1.4)
-w/2
w-g0(z)








Fig(Al.l) Schematic diagram of the active region of the SLD showing 
rays travelling in a *-0 direction’ and remaining totally 
within its boundaries. This provides the basis for the 
definition of the average photon density for ’-0' rays.
The fact that the same form of equation is obtained for both the ’+0' 
and ’-8 rays is extremely useful because it means that it is only 
necessary to solve for positive values of '0’ in the computer model, 
thus halving the ammount of computation time.
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Appendix A2
The ’hard-edge' model of the SLD described in chapter 4 has 
been shown to display a ’straight-line’ dependence with 0 in its far- 
field distribution for small angles, chapter 5. This behavior can be 
shown analytically for low current densities where the inversion 
population can be assumed to be constant througout the length of the 
SLD. This means in fact that the inversion population is a constant 
value everywhere under the striped contact and zero elsewhere. The 
photon density distribution with x at z-L is constant in the range 
Ltan(0) 4 x 4 w where the pathlength for all rays is the same but is 
non-uniform in the range 0 4 x 4  Ltan(4) where the pathlength 
varies for all rays, fig(A2.1). Consequently the analytic solution 
for the photon distribution, equation!4.7}, at 2"L is seperated into 
two parts
pf(0,L,x) - 6gRs (N) fexpf G(N).L | - 1} ; x A Ltan(0)
 y  (c.cos{0))
G(N)
(A2.1)
p,(0,L,x) - 6 R (N) fexpf G(N).x ) - 1} ; x 4 Ltan{0) 
t _s„spon--- (c.sin(0}j
G(N)
where the wavelength and polarisation dependencies have been omitted 
for brevity. The total ammount of ’0-directed’ photons emitting from 
the output facet at z«L, 0 4 x 4 w is then given by
w
P ,(0,L ) - / dx pJ0,L,x) (A2.2)
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Fig(A2.1) Schematic diagram of the active region of the SLD showing 
rays of constant intensity at z-L between Ltan(0) and w 
and varying intensity between 0 and Ltan(0).
pf (0 ' L) " 6sRspon(N) nw -L6)expp ( N ) .L |  -  w + jS |_exp p lN lJ  -  1} 
G(N)
(A2.3)
where 6 has been assumed to be small so that cos(6) = 1, sin(0) = 6 
and tan(0) = 0. The *0' dependence in this equation lies outside of 
the exponential terms indicating that the angular distribution has a 
linear dependence on ’0' for small angles. This agrees with the 
computed results in chapter(5).
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